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CORRIGENDA

I.

Section 4.3, four I in es down.

Rep l ace :

"Other WCRP oceanograph ic activities wi 11 not need suc h intensive
coo rdin at i on by J SC-CCCO . Yet they may be c ru c i a l to the success
of the long term goa l s of the WCRP, . ... . "
by
"Other oceanographic activities wi I I a lso be crucia l to the success o f
of the Iong term goa Is of the WCRP, ..... "
2.

Section 6.9, s i x I ines down. Th e phrase "$8,000,000 spent on deployment "
s hould read "$1 ,000,000 spent on deployment".

TABLE OF CONTENTS
Page
SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

( i)

ORGANIZATION OF THE MEETING ........................... ..... .... .

l

1.1 Opening of the meeting . . . . . . . . . . . . . . . . . . . . . . • . . . . . . . . . . . . . . .
1. 2 Approval of the agenda . . . . . . . • . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

l
l

2.

SCOPE OF THE MEETING ........................................... .

l

3.

REVIEW OF PROGRESS WITHIN THE WORLD CLIMATE RESEARCH PROGRAMME ..

2

4.

MAJOR OCEANOGRAPHIC OBSERVATIONAL PROGRAMMES WITHIN THE WCRP ....

3

4.1 The Cage Experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3

l.

4.1.l

Observational Requirements for Cage..................

5

4.2 The World Ocean Circulation Experiment (WOCE) ...............

7

4.2.l Concept of a WOCE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.2.2 Preliminary Estimate of the Necessary Resources/
Elements of WOCE . • . . . . . . . . . . . . . . . . . . . • . . . . . . . . . . . . . . . .

7

4.3 The Pilot Ocean Monitoring Study (POMS) .....................

9

4.3.l Developing Cost-effective Techniques of Monitoring
the Ocean . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.3.2 Identifying Which Parts of the Ocean to Monitor......
4.3.3 Fundamental Studies •................................. .
4.3.4 Time Series
4.3.5 Regional Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

8

9
10
11
11

4.4 Integrated Global Ocean Station System......................

11

5.

CURRENT PLANS OF THE SPACE AGENCIES

12

6.

SATELLITE OBSERVATIONS FOR WCRP OCEANOGRAPHY ................... .

16

6.1 Satellite Al timetry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

17

6.1.l
6.1. 2
6.1.3
6.1.4

Ocean Topography Experiment (TOPEX) ............... . ...
Error Fields in Satellite Altimetry . . . . . . . . . . . . . . . . . . .
Orbital Accuracy Requirements .... .....................
Mutual Compatability of Proposed Altimeter Carrying
Satellites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
6.1.5 Geoidal Requirements for Topography... ................

21
22

25
27
29

6.2 Wind Stress

31

6.3 Sea Surface Temperature.....................................

32

6.3.l Conclusions regarding Sea Surface Temperature.... .. ...

34

6.4 Precipitation and Evaporation ...... ........ .................

34

TABLE OF CONTENTS (contd.)
Page
6.4.1 Status of Precipitation Estimation Over Oceans ......... .
6.4.2 Possibilities for Precipitation Estimation for
the WCRP ............................................... .
6.4.3 Status of Evaporation Over Oceans Using Satellites ..... .
6.4.4 Oceanic Heat and Water Fluxes .............•......•..•...
6.5

35
37
37

6.5 Waves ........................................................ .

38

6.6 Data Collection and Location Systems (DCL's) .............•....

38

6.6.1
6.6.2
6.6.3
6.6.4

7.

35

Need for Improvements •...•.............•.....••.....•...
Large Scale Climate Experiments Requiring DCL's ........ .
Need for Improved Ship Navigation ...................... .
Conclusions regarding DCL's ..............•..............

40
40

6.7 Ice ....•.•........•.........•...................•.............

42

6. 8 Radiation Budget ............................................. .
6. 9 Buoys ..•....................................•.........•.. · .. · ·

42
43

6.9.1 Cage and WOCE Buoy Applications •......•.....•...........

44

TENTATIVE STRATEGY FOR THE DESIGN OF THE FUTURE SPACE BASED
OBSERVING SYSTEM NEEDED FOR THE OCEANOGRAPHIC PROGRAMMES OF
THE WCRP ...........................................•..............

44

7 .1 The Cage Experiment ...•.....................................•.

44

41
41

Radiation .•.............................................
Atmospheric Soundings •...............................•..
The Air-Sea Fluxes .: .•..................................
Oceanic Measurements ................•.......•...........

45
45
46
47

7.2 The World Ocean Circulation Experiment (WOCE) .•.........•..•..

47

7. 3 Ocean Models •................•.........•.........•...........•

48

7.4 Internationally Coordinated Space Based Observing System ..... .

49

7.5 Exchange and Compatibility of Satellite Data ................•..

50

7.5.1 Scientific-Operational Coordination .••.•..•..••.......••
7.5.2 Data Reduction and Exchange .•.•••.....•..••.....•.•.•...
7.5.3 Training in the Use of Ocean Data from Satellites ...•...

50
51
52

7.1.l
7.1.2
7.1.3
7.1.4

APPENDICES
1.

LIST OF PARTICIPANTS

2.

AGENDA

3.

SPACE AGENCY SATELLITE PLANS

4.

THE SEA SURFACE TEMPERATURE MEASUREMENT PROBLEM

.J

·0

(i)
SUMMARY

During the latter part of the 1980's and beyond, the potential will exist
to conduct major oceanographic experiments in support of the World Climate Research
Programme (WCRP), central to which will be a satellite based observing system. For
example, it will be possible, for the first time, to measure important aspects of
the ocean climate and the oceans' general circulation. Space agencies are planning
to launch a number of satellites with a wide range of missions and sensors. These
satellite systems have been planned based on National and Regional requirements and
do not, in all respects, satisfy the oceanographic needs of the WCRP. They could,
however, with some adjustment to schedules, orbits and sensing capabilities, form
an essential and complementary set of observing systems supporting the planned
oceanographic experiments. Recommendations of the meeting regarding such coordination are the following:

l_,1

*

Realising that the duration of the five oceanographic experiments under
discussion is of the order of five years or longer and that the U.S.
National Oceanic Satellite System (NOSS) is being planned for a 5 year
life, the meeting recommended that the European Space Agency (ESA) be
urged to maintain an ocean observing system for 5 years, perhaps by
launching the second flight unit of ERS-1 two or three years after the
launch of ERS-1,

*

Considering that there is a good likelihood of NOSS and ERS-1 being
launched around 1986, and that much better coverage in space and
time can be achieved with a two satellite system than with a single
satellite, the meeting urged that the U.S. and ESA consider the
possibility of close coordination between the two missions, in
particular:

v

..

(a)

flying either the Coastal Zone Colour Scanner (CZCS) or Ocean
Colour Monitor (OCM) but not both to avoid duplication and thereby
removing important orbital constraints (e.g., ~un synchronism)

(b)

organizing the orbital parameters of the two satellites so that
the diurnal cycle can easily be removed from the measurements

(c)

arranging for intercomparison of instruments and exchange of data.

*

Recognising that, at the end of the 1980's, plans currently being formulated
by Japan and the USSR may be realised and a number of satellites making oceanographic measurements will be simultaneously in orbit, the meeting urged that
close coordination between the different space agencies be arranged (by means
of the kind detailed in the previous recommendation) so that the best possible
overall scientific return can be achieved.

*

That an altimetric satellite system similar to the Ocean Tropography Experiment
(TOPEX) Satellite under consideration in the USA, be flown in about 5 years
with the following capabilities:

(ii)

*

(a)

Measure the distance from spacecraft to the sea surface with an
accuracy approaching 2 cm.

(b)

A total system with an ability to determine the sea surface
relative to the ellipsoid with an accuracy of 10 cm over
distances of 3000 km and sho r ter, the accuracy reaching 4 cm
over horizontal distances of 30 km.

(c)

An orbit of inclination of about 65°, with a track repeating to
within ! l km every 10 days .

(d)

A minimum duration of 5 years.

Realising that a number of satellites flying radar altimeters contributing
to oceanographic experiments are likely to be launched in the late 1980's,
and that accurate tracking of these satellites will be required, the meeting
recommended that means for standardization of tracking equipment and procedures
be developed so that those contribuing will be able to track the different
satellites carrying altimeters irrespective of the agency of origin,

*

The meeting recommended that a study be carried out of the coverage in space
and time which can result from different satellite systems carrying instruments making oceanographic measurements with a view to providing information
which will enable the timing and the orbital parameters of future missions to
be optimised,

*

Considering that it would be desirable that the Japanese Marine Observation
Satellite (MOS) Series of Satellites be flown consecutively during the
1985- 1990 period for WCRP oceanography purposes, it is recommended that the
Government of Japan consider launching MOS-3 prior to 1991.

Two of the oceanographic experiments presently under consideration are
the Heat and Water Flux Experiment (Cage) and the World Ocean Circulation Experiment (WOCE). While these are only in their feasibility study stages, the preliminary assessments of their data requirements and associated technical problems
are representative of the types of issues that will have to be addressed regarding
the WCRP oceanographic programme in general. For example, an expanded worldwide
network of surface and subsurface measurements will be needed. Jhese measurements,
as in the case of satellite measurements, are required to far greater accuracy than
is presently available. This implies that there must be a new era in the surface
based observation programme. It will include a near-global ocean density and
chemistry measuring programme and Regional programmes, like CAGE, that require careful comparison of in-situ measurements with satellite derived radiation fluxes to
determine the fluxes at the bottom of the atmosphere. The need for improved ocean
and ocean-atmosphere models and the need for coherent data processing and exchange
systems are examples of other issues considered by the meeting. A considerable
number of recommendations concerning these and other factors are conta i ned in this
report. A few are re-iterated here for emphasis:

*

That calibrations of satellite wind stress measurements take the form of
point intercomparisons, process- oriented studies of the physical mechanisms

~j
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(iii)

involved in the generat i on of the scattering gravity-capillary waves, and
continued monitoring of the statistical characteristics of climate-scale
averages obtained by averaging both satellite-derived winds and winds
obtained in- situ at specific locat i ons. All intercomparisons should be
carefully investigated with the intent of eliminating systemat i c errors at
the 1-2% level.

*

That satellite agencies continue their efforts to develop suitable methods
of measuring sea surface temperature and air-sea temperature difference,
using the quoted Cage accuracy requirements as suitable goals.

*

That studies of the parameterisation of downward infrared radiation at high
latitudes be carried out using satellite observed parameters (e.g. clouds,
cloud top temperature , liquid water, water vapour and surface t emperature)
and checked with accurate surface observations of the type provided by the
Joint Air-Sea Interaction Expe r iment.

*

That an experiment of the Earth Radiation Budget Experiment type be continued
throughout the Cage period (1985-1990).

*

That urgent steps be taken now to develop models specified to meet the needs
of the WCRP oceanographic experiments described in this report, tak i ng special
account of the new types of data that will be provided from satellites.

*

That operating agencies cooperate on studies to determine the feasibility of
harmonisation of orbits for periods of intercomparison.

*

That a study be made of the particular contribution that the sun synchronous
satellites can make to the determination of the high latitude circulation •

_,,
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1.

ORGANIZATION OF THE MEETING

1.1

Opening of the Meeting

The meeting was opened by Professor J. Houghton, who had been invited by
the JSC and CCCO to be Chairman. He welcomed the participants to Chilton and the
Rutherford and Appleton Laboratories and explained the role of the Laboratories in
remote sensing of the oceans. In his opening remarls, Professor Houghton emphasized
the timeliness of the meeting, citing that a number of Satellite Systems were already
being planned for the period 1985-1990 that would play important roles, indeed
essential roles, in the oceanographic experiments of the World Climate Research Programme (WCRP). Coordination of a number of aspects of these systems, including
instrumentation, satellite logistics, data handling and analysis, must be addressed
at an early stage in this planning.
The list of participants in given in Appendix
1.2

.!.:_

Approval of the Agenda

The provisional agenda for the meeting was accepted as the agenda with the
understanding that the following items would be addressed under appropriate items:
Radiation flux; ships-of-opportunity; several Pacific Ocean climate studies; the
Integrated Global Ocean Station System; Positioning of platforms by Satellite; and
acoustic tomography.
The agenda adopted for the session is given in Appendix 2.

2.

\__;

SCOPE OF THE MEETING

The climate system is global, and the oceans cover a large fraction of the
globe. Because of their worldwide coverage with a unified sensor system, satellites
can provide a powerful tool for observing the climate, particularly the surface
layers of the ocean and the atmosphere above. In addition, in-situ sensors used in
conjunction with data collection and location systems extend t~e capabilities of
visible, infra-red and microwave radiometry and imaging instruments. Though there
is considerable overlap, the requirements for climate observations are distinctly
different from those for day to day weather. In climate research, high priority
needs to be given to accurate, well calibrated observation of known quality, sometimes at the expense of the concentration of samples in space and time. On the
other hand, good coverage of the diurnal and annual cycles is essential - and twice
daily observations from uncoordinated intermittent systems are inadequate for the
required estimation of fluxes and budgets of heat, moisture and momentum. Climate
experiments are normally of long duration (at least 5 years), and consistent overall
system performance including data processing is particularly important. These needs
make the integration and intercomparison of in-situ measurements and remote sensing
systems, of different remote sensing systems and of data acquisition and analysis
and modelling techniques of the utmost importance. Of particular concern are bias
and systematic errors (or errors correlated with the phenomenon under observation).
Given adequate sampling,truly random scatter is less important.

- 2 With this in mind, the meeting undertook to:
(i)

Identify what type of space-based observing system can be in place that
will be of major importance for the impl ementation of the major oceanographic programmes being planned within the WCRP in the late 1980's.

(ii)

Analyse the existing plans of the space agencies that intend to launch
satellites providing information useful for oceanographic research.

(iii)

3.

Formulate specific recommendations aimed at harmonizing these plans and
thereby optimizing the usefulness of the future oceanographic space-based
system.
REVIEW OF PROGRESS WITHIN THE WORLD CLIMATE RESEARCH PROGRAMME

3.1
Professor Houghton summarized the WCRP plan, emphasing its oceanographic
aspects and central theme that the controlling effect of the oceans in the climate
system has been identified as one of the critical elements for research into climate
on time scales of several weeks to several decades . He noted, however, that compared
with the atmosphere, the observation and modelling of the ocean are still primitive.
The present surge of interest in ocean problems, stemming no doubt partly from the
climate initiatives, will certainly improve the situation and it will be the policy
of the WCRP to work with appropriate oceanographic bodies to that end.
The research strategy of the WCRP includes: improving models of ocean processes; creating a new base of oceanic data; developing new observing techniques;
undertaking global circulation studies; undertaking regional studies; and undertaking local experiments. This strategy is predicated on a transition from the
reliance on ship orientated oceanographic research efforts to a new era employing a
wide range of instruments and platforms, particularly satellites. In regard to
ocean and ocean-atmosphere coupled models, there is a need to improve the basic
understanding of the dynamics of the oceans. The wide range of space and time scales
of dynamically important motions will require the use of high spatial resolution, or,
alternatively, very difficult parameterizations: for example of the transports of
transient eddies. Until substantial progress in ocean modelling is achieved there
can only be limited development of the comprehensive coupled ocean-atmosphere models
which are essential for climate research.
3.2
In a general review of the role of oceanography within the WCRP, Pr ofessor
J.D. Woods stressed the importance of the ocean circulation in the Planetary Climate
System. The most urgent task was to improve understanding of the fundamental characteristics of the general circulation of the World Ocean. He outlined the need for
data both for diagnostic models and for prognostic model verification. There was a
need to extract more information from existing data and to gather entirely new data
in which seasonal variation, interannual variability and eddies are resolve d. The
oceanographic experiments within the WCRP will be of long duration because the
phenomenon of climate change on WCRP time scales is long. Two WCRP oceanographic
experiments are at present the subject of detailed feasibility and design studies:

.__./
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(a)

Cage is an experiment aimed at measuring the seasonal and interannual
variation of heat flux in an ocean basin (the North Atlantic will
probably be chosen);

(b)

The World Ocean Circulation Experiment (WOCE) will be of much broader
scope and could be considered the WCRP counterpart of FGGE.

These large scale, long period experiments demand the use of new experimental methods. To a large extent this will mean the use of new methods of measuring
oceanic circulation in-situ, e.g. drifting floats, towed undulating instruments,
acoustic tomography and shipboard profilers. But in addition, there is the attractive
possibility of observing oceanic circulation variables from space, which is the
subject of the present meeting. It is hoped to use space observations to measure
surface stress, the surface wave spectrum, the surface hydrostatic pressure gradient,
surface temperature, surface wind speed, precipitation and surface salinity.

~--~

Some of these measurements have been attempted on satellites launched in
the 1970's. The results have been sufficiently encouraging to indicate that all the
above-mentioned variables may be measured with sufficient accuracy and space-time
resolution to be useful to the WCRP Oceanographic Experiments.
On the other hand,
all the measurements are difficult and success will come only with great care and
effort. There is a need for careful study to improve the algorithms used in extracting the oceanographically useful variables from the instruments outputs. It
may become necessary to mount special calibration experiments for this purpose.
Equally, it may emerge later that the success of the satellite observations will
require calibration against in- situ measurements as a matter of routine.
Important issues to be addressed are:

\__.,'

(1)

the optimum orbits for satellites designed to observe the oceans for
the WCRP, and

(2)

whether Space Agencies hoping to launch oceanographic satellites in the
1980's can usefully coordinate their payloads and orbits to produce the
best possible experimental data set.

4.

MAJOR OCEANOGRAPHIC OBSERVATIONAL PROGRAMMES WITHIN THE WCRP

4.1

The Cage Experiment

The JSC and CCCO formed a Working Group to study the feasibility of performing a detailed heat budget study over an ocean (the North Atlantic, for instance)
on climatological time scales, with a goal of estimating the meridional oceanic
transport of heat to an accuracy of ! 20%. The members of the Cage Working Group
are:
NCAR, Boulder
Dr. F. Bretherton
ECMWF, Reading
Dr. D. Burridge
IOS, Wormley
Dr. J. Crease
BIO, Canada (Chairman)
Dr. F. Dobson
CIMAS,
Miami
Prof. E.B. Kraus
U. Colorado, Fort Collins
Prof. T. Yonder Haar

- 4 -

The Working Group intends to produce a feasibility dssessment by the
summer of 1981. It has met once and reached a number of preliminary conclusions,
based on an initial study by Bretherton.
1.

The budget should be estimated by a number of different techniques:
(a) directly by oceanographic measurements; (b) indirectly by northwards area integration of the air-sea fluxes; (c) from a residual of
the global total and the atmospheric heat transport budgets; and (d)
from combined atmosphere/ocean models.

20

A number of pre-Cage validation and calibration experiments will be
necessary (the ones identified thus far are mentioned below).

3.

To measure the oceanic storage, to separate the long-term mean from
the annual cycle, and to estimate the interannual variability, a time
period of 4-6 years is required for the experiment.

4.

There are many data-sparse parts of the Cage (the budget "box" around
the atmosphere and the ocean under study) for which means must be
identified for obtaining observations. Here the experiment will rely
heavily on satellite-derived information.

The long-term mean heat flux is about lo 15w, or 50 W/m2 averaged over the
North Atlantic. To obtain a 20% estimate of this requires an overall error of less
than 10 W/m2. Thus all the errors in the budget computation must be less, and the
requirements given in paragraph 4.1.1 are based roughly on this reality. But the
averaging is long-term, roughly 5 years, so an important consideration is the avoidance of long-term biases, rather than random scatter.
The components of the budget are:
(a)

Radiation (incoming-outgoing):

i at the top of the atmosphere, and
ii at the sea surface

(b)

The air-sea interaction fluxes at the sea surface:
i latent heat (water yapour)
ii Sensible heat
iii Momentum (to compute oceanic
Ekman transports)

(c)

Transports through the sides of the Cage:
i Atmosphere Meridional sides
Zonal sides
11 Ocean zonal sides

(d)

Atmospheric and oceanic heat storage

The Cage itself will not necessarily have the same boundaries in the ocean
and atmosphere. For the moment it has been suggested that the northern boundary of
both ocean and atmosphere should be 60°N from Canada to Greenland, and a diagnonal
line from the Faeroes through Iceland to Greenland. The latitude 24°N has been
suggested as the southern oceanic boundary. Accurate flux measurements in the non-

·~--
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- 5 overlapping area would allow pushing the atmospheric boundary northwards, to avoid
sparse radiosonde data on the southeast corner of the Cage.
The Cage experiment will depend critically on projects like the Earth
Radiation Budget Experiment (ERBE) and the TIROS series for (a) (i) above, and will
need to intercompare satellite techniques with the Budyko method or (a) (ii). Smaller
scale validation experiments prior to Cage are needed.
For (b) above all the parameterization formulae must be validated prior to
Cage, by comparing weathership and ship-of-opportunity data, and also perhaps with
carefully designed experiments in areas of small oceanic heat advection. Ship-of
opportunity and a drifting buoy programmes are being considered for the experiment.
For (c) (i) above, the standard meteorological radiosonde network will be
the principal data source. Possible satellite soundings with reduced accuracy
requirements could fill in data-sparse areas (particularly on the southern-zonal side).
The principal problem foreseen is to eliminate all biases from the long-term mean
differences of T, U and q (water vapour mixing ratio) obtained from the American and
European networks.
For (c) (ii) above, oceanographic hydrographic (temperature (T), Salinity,
(S) depth) monitoring of the Florida Current and of the 24°N zonal section will be
required as well as radar altimeter measurements to estimate the longitudinal distribution of the return flow in the south. In the north, altimeter measurements
will also be helpful, but the oceanographic heat fluxes are small there and can be
estimated with low accuracy.
Storage is important in determlning the annual cycle and interannual
variability. The best hope for storage measurements lies in an efficient ship-ofopportunity and drifting buoy programme for monitoring the mean temperature of the
water above the thermocline.
4.1.l

Q~!!E~~!!~~e!_~!9~!E!~!~!!_!~E-~~~!

Observational accuracy requirements for the Cage experiment will vary
widely with the type of sensor used and with the particular experimental strategy
being considered. The requirements below are, for the most part, worst-case. They
may be relaxed in many cases where, for instance, the large area coverage and dense
sampling in time provided by satellite measurements makes them useful in spite of
lower expected accuracies. In some cases a pr eliminar y estimate is provided of
what is likely to be achieved with satellites. The requirements are not for single
measurements, but for long-term, large scale averages . Therefore they a r e more concerned with systematic errors (bias) than with random errors. It is these systematic
errors which must be addressed with great care in calibration experiments from which
satellite algorithms are developed. The overall Cage requirement is for : 10 W/m2
over the North Atlantic ocean (radiation, atmospheric, and oceanic fluxes combined).
The accuracies quoted in 2-6 below are estimated from the size and area distribution
of air-sea fluxes reported by Bunker (Monthly Weather Review 104. 1976). The preliminary observational requirements for Cage are:

- 6 1.

Radiation budget (shortwave in - longwave out), over the entire Cage area:
(a)
(b)

at the top of atmosphere, and
at the surface of the sea,
2
to : 10 W/m or better: (a) will be entirely measured by satellite;
(b) will be deter mined using a mix by satellite/in- situ techniques.

2. (a)

( b)

Wind stress vector, as a long-term average to be used to compute the
oceanic Ekman transport from the wind stress curl field over the entire
Cage area, to: 20% (i.e. one wind speed vector to: 10%). This is
based on the size of the Ekman heat fluxes across the 24°N section
reported by Bryden and Hall (Science 207, 1980).
Wind speed, for computing the sensible and latent heat fluxes, to : 1%
over the Gulf Stream, to ~ 5% over the Trades, and~ 7% in the north.
The maximum sampling period should be 2 days (to adequately sample the
meteorology in the north). Bias due to diurnal aliasing must be considered for sun-synchronous satellites. Similar sampling requirements
exist for determination of sea surface temperature and surface atmospheric mixing ra t io.

3.

Vertical meteorological soundings of T, U, and q along the boundaries
of the Cage. These measurements would be particularly important to the
success of the experiment on the south of the eastern meridional boundary
(i.e. over Africa) and on the southern and northern zonal boundaries.
The minimum acceptable bias (E-W,N-S) for the radiosondes will be about
0.2°C, l m/s, 10%; for satellite soundings to be useful in filling in
data- sparse areas, lesser accuracies would be acceptable: 2°C, 2m/s and
30% might be required if the satellite data were merely used to augment
optimal analysis of radiosonde data.

4.

Sea surface temperature over the entire Cage area, to : 0.5°C. (Modelling
studies show that a change of 1°C will affect the ocean-atmosphere heat
2
transfer in mid latitudes over an area the size of the Atlantic by 20 W/m ,
and 40 W/m2 in the tropics).

5.

Air-sea temperature difference over the entire Cage a rea, to~ 0.4°C (6%)
over the Gulf Stream, ± 0.25°C (50%) over the Trades, ± 0.3°C (15%) in
the north.

6.

Surface-layer (0-20) q over the entire Cage area, to 0.05 g/kg (~
the Gulf Stream, ± 7% over the Trades, ± 10% in the north).

7.

Radar altimeter (see World Ocean Circ0lation Experiment, Section 4.2).

2% over

- 7 4.2

The World Ocean Circulation Experiment (WOCE)

The borad scientific goal of the WCRP is to improve understanding of processes in the planetary climate system that are associated with changes in the
atmospheric climate on time scales of several weeks to several decades.

_.r
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The oceanic circulations of heat and fresh water are important components
of the planetary climate system. They include the regular heat and hydrological
fluxes carried by the ocean currents, and their regular seasonal variation and interannual anomalies with associated transient anomalies of the distribution of heat and
fresh water storage in the ocean. Significant anomalies of heat storage on WCRP
length and time scales have been observed. Such anomalies may arise from fluctuations in the currents and/or fluctuations in the heat/water fluxes through the
surface. They may lead to anomalies in the boundary conditions of the atmosphere
and so therefore in the atmospheric climate. Given appropriate amplitude, lag and
persistence, such boundary condition anomalies are of the highest priority for the
WCRP. There has been speculation that particular oceanic processes and particular
regions may be important in the creation of such boundary condition anomalies, but
the present state of understanding of oceanic circulation is inadequate to test
these ideas. Of equal importance is the role of the ocean in accomodating products
of atmospheric pollution (notably carbon dioxide) and hence attenuating their effect
on atmospheric climate; the uncertainty about ocean circulation limits our ability
to predict the role at which such attenuation occurs.
The highest priority for WCRP Oceanography is to improve understanding of
the general circulation of the World Ocean so that models become sufficiently credible
to permit testing of hypotheses about anomalies in circuiation and storage of heat and
water. This is a global problem for which the existing data set is inadequate in a
number of aspects. In particular, the regional coverage is uneven, with large gaps,
especially in the Southern Hemisphere; the spatial resolution gives inadequate
information on eddies and the temporal resolution gives inadequate information on
the seasonal and interannual variations. The existing data base is quite inadequate
for calculation of the climate of the World Ocean, in the sense that this can be
done for the atmosphere using the First GARP Global Experiment (FQGE) data base.
4.2.l
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The aim of the WOCE is to collect a new homogeneous data set that directly
addresses the highest priority requirements of WCRP Oceanography, namely to improve
models and understanding of the circulation of heat, water and chemicals around the
World Ocean. In principle, there are three classes of circulation models with
different data requirements. It seems unlikely that the WOCE will achieve a sampling
density sufficient to supply the first class, purely empirical models. · Suppyling
data to the second class of model, the diagnostic model, is a principal design criterion for the WOCE. It is intended to determine the oceanic circulation from the
new data set by means of the diagnostic models, using the inverse techniq~e. The
WOCE data set will not be suitable for serving hydrodynamic-prognostic models of the
ocean circulation in the sense that the FGGE data set serves Atmospheric General
Circulation Models (GCM). On the other hand, an essential design criterion of the
WOCE is to provide data that can be used to test and guide the improvement of oceanic
GCM's, which are the third class of ocean circulation model.

- 8 In order to meet those design criteria, the WOCE data set must cover the
whole of the World Ocean, with adequate spatial resolution to resolve eddy activity
(at least statistically) and the seasonal cycle. The experiment will probably have
to be extended over a period of five years, both to give adequate resolution of the
seasonal cycle and interannual variability and to enable surveying of deeper distributions less disturbed by seasonal variation.
The experiment will depend critically on the collection ·of both satellite
observations of the sea surface and in-situ measurements of surface and subsurface
properties. The satellite observations must be maintained throughout the period of
the experiment, to give near global coverage with high spatial and temporal resolution.
The success of the modelling activity planned as part of the WOCE will
depend critically on observations of 1) sea surface elevation and 2) surface wind
stress, which can only be obtained with the required homogenity, global coverage and
space-time resolution by satellite. Although either measurement on its own would
provide a novel input to the models, it is the combination of measured surface
pressure and wind str ess distributions that will provide the severe constraints on
ocean circulation models needed for the WCRP. Together they will justify the very
great effort that will be needed by the oceanographic community to collect the insitu data that will provide further constraints (especially in the baroclinic
component) for the models.
4.2.2
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1.

Altimetric satellite system in ~-sun-synchronous orbit, 5 year lifetime.
Error budget (random~lO cm over 3000 km and shorter)
(systematic errors not to exceed 4 cm over
distances of 10000 km and shorter)

2.

Gravity field improvement - special satellite, and regional, shorter
scale special purpose work by ships.
Satellite should give spatial average geoid good to l cm or less over
averaging distance of order 300 km and longer.

3.

Research vessels, approximately l shipyear/ocean. Conductivity/
Temperature/Depth (CTD) capability to the bottom. Basic high quality,
chemistry: o2 , silica, and other nutrients. Other trace chemistry
that can be done without occupying large amounts of ship-time .

4.

Another shipyear of time of ships adequate to make routine hydrographic
(not finestructure) observations. There should be a development prog~me to simplify and make more rugged the eq uipment for doing hydrographic work.

5.

Satellite wind st re ss.

6.

Other elements ca pa ble of determining in-situ velocity and density;
surface and subsur face floats, current meters, acoustic tomography,
etc.

.,,.._.
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7.

Hydrography to be done serially, one ocean at a time, while satellites
are still in orbit; (but some maintenance of continuity of observation in Atlantic).

8.

Development of diagnostic and prognostic ocean and ocean-atmosphere
climate models.

The Pilot Ocean Monitoring Study (POMS)

Large WCRP Oceanographic Experiments such as Cage and the WOCE will require
internatioal coordination by the JSC-CCCO at every stage: feasibility study, design
study, implementation and analysis.

._,,
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Other WCRP Oceanographic activities will not need such intensive coordination by JSC-CCCO. Yet they may be crucial to the success of the long-term goals of
the WCRP, which are directed towards operational climate forecasting at some time in
the next · century. While it is still too early to see in detail how such . forecasting
will be performed, assuming that it proves to be feasible and useful, it seems
reasonable to assume that, like weather forecasting, it will involve:
(i)
(ii)

Routine observations or monitoring of the planetary climate
system, and
Computer models of

(a) the planetary climate system
(b) the atmospheric climate response to its
changing boundary conditions.

The aim of the POMS is to prepare the way for some future routine observing
system of the ocean part of the planetary climate system.
There are two main problems:

4.3.l

(1)

Developing cost-effective techniques of monitoring the ocean, and

(2)

Identifying which parts of the ocean (it is assumed that a
uniformly distributed observing system for the wor[d Ocean would
not be cost effective to monitor).

~=~=!~e~~~-~~:!::!!::!~~=-~==~~~9~::_~!-~~~~!~:~~~-!~:-~==~~

The role of the JSC-CCCO is to identify promising new techniques, to
encourage scientists at institute level to proceed rapidly in developing and testing
them, and to encourage the funding agencies to support work on these systems. They
include in-situ measurements by:
Drifting floats on the surface,
Drifting floats in the deep ocean,
Ship-of-opportunity measurements,
Research ship measurements by
(1)
(2)

towed undulating devices
acoustic current profilers,

Acoustic tomography, etc.,

- 10 and measurements from space, including:
Surface
Surface
Surface
Surface
Surface
Surface
Surface

stress,
wave spectrum,
hydrostatic pressure gradient,
temperature,
wind,
salinity,
precipitation.

It is recognized that many of the techniques that are likely to be used
in the WCRP Oceanographic Experiments (Cage, WOGE, etc.) are promising for eventually
monitoring the ocean on a more permanent basis. The experience gained in these
experiments will serve the aims of POMS. But the experiments will be focussed on
specific objectives and they are therefore unlikely to answer all the questions to
be answered for POMS. So it seems likely that the institutes and agencies working
with the new techniques will want to mount special experiments or tests for the
purposes of system development or trial application in a particular location. Sometimes it will be helpful to combine forces for intercomparison between different
techniques, or for combining complementary techniques developed in different institutes. The eventual monitoring system may well involve a complicated mix of
different techniques whose results must be combined in computer models to give the
required synthesis. As the individual measuring techniques are perfected there
will be a need to mount trials to give data input to such models for the purpose of
model development.
Instrument development activities within POMS may well overlap with or be
conveniently combined with the WCRP Oceanographic Experiments, at least on a noninterference basis. The role of the JSC-CCCO will be to encourage both POMS and
the Experiments, where necessary making decisions on priorities. But the instrument
development activities themselves will be carried out at research establishment level
and JSC-CCCO's role will be purely to encourage and create a positive "climate of
opinion" for such work.

4.3.2
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A number of suggestions have been made about possible strategies for
monitoring the World Ocean as part of some future operational ciimate (or Extended
Range Weather) forecasting system. These include, for example, monitoring:
(1)
(2)
(3)
(4)

The upper ocean heat anomalies studied in the North Pacific
The Western boundary currents and gyres by a series of
standard hydrographic sections
Overflow from the Arctic Ocean into the Atlantic
The equatorial current system

The present state of our · knowledge of the role of the ocean in the planetary climate system on WCRP time scales (several weeks to several decades) is not
sufficiently reliable to allow us to decide which if any, of these and other possibilities are most promising candidates for a future climate monitoring system.

- 11 It is the aim of WCRP Oceanography, and POMS in particular, to resolve
this uncertainty as fast as possible. A number of specific activities are being
discussed by JSC-CCCO.

4.3.3

Fundamental Studies

The highest priority must of course go to improving our ·fundamental understanding of the general circulation of the ocean and its interaction with the atmosphere, paying special attention to changes that can affect atmospheric climate on
the WCRP time scales. In order to focus attention onto this aspect of the problem,
the JSC-CCCO are sponsoring a major study conference in Tokyo, May 1981. A major
theme of the study conference will be how to extract statistically explicit descriptions of the oceanic circulation from observations. This is, of course, fundamental
to the PCX'1S.

4.3.4
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An important part of this section of the POMS will be the reanalysis of
existing time series of oceanic observations, including those at Ocean Weather
Stations, at moorings and along standard hydrographic sections. This analysis will
help to clarify the problem and potential of such time series and so provide an input to the specifications of future long term series activity. A meeting on the
subject will be sponsored by the JSC-CCCO at Tokyo, May 1981.

4.3.5
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Time Series

Regional Studies

----------------

Oceanographers at various institutes around the world are currently planning to make oceanographic measurements that may prove particularly valuable for the
WCRP. The initiative for these projects has not come from JSC-CCCO but from the
institutes on the national level. Their potential value for the WCRP has led JSCCCCO to propose that there might be value in some low key inter-institute (international) coordination of related projects for their mutual benefit and for the
benefits of WCRP. The mechanism for this coordination will vary from one region to
another. For example, the IOC has been actively supporting such coordination in the
West Pacific through its WESTPAC coordination group while a North ·Atlantic Pilot
Ocean Monitoring Study is being supported by the ICES amongst others.
Meetings of oceanographers interested in each of these . regions were held
in 1980. Other regions, the Equatorial Pacific, for example, may be similarly
assisted by low-key international assistance.

4.4
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The capability of IGOSS to contribute to the WCRP was outlined by the
Chairman of the Joint Working Committee for !GOSS, Mr. G. Holland. He explained
that the system, operated jointly by the IOC and ~O, provides for the operational
exchange of data and data products. As such, IGOSS will be of assistance to climate
related research and monitoring programmes.

- 12 As an on-going service providing for the ra pid exchange of oceanographic
data, IGOSS can contribute effectively to the provision of surface data for sensor
calibration in a useful timeframe. Data observa tions are standardized and transmissions coded so that data are universally com pat ible, thus allowing for integration
of all available sources. These data are also useful for input into operational
models yielding results within the time frame of experiments and for the preparation
of operational data products.
IGOSS is presently investigating the problem associated with the timely
exchange of reduced ocean data from satellites. The Joint Committee will also
respond to requests from the JSC and CCCO to assist in specific research or monitoring programmes.

5.

CURRENT PLANS OF THE SPACE AGENCIES

Ocea n Related Satellite plans for the 1980'; were outlined for the meeting
by participants involved with the satellite programmes of the European Space Agency
(ESA), Japan, the U.S.A. and the U.S.S.R. A summary of the particular satellites
expected to be launched and their characteristics and capabilities are presented in
table 5.1. Further details on these ocean oriented satellite plans are provided in
Appendix 3.

'---·
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OCEAN-RELATED SATELLITES PLANNED FOR THE 1980's

TABLE- 5.1
-

-

~

ALTITUDE
(km)

EARLIEST
LAUNCH
YEAR

(yrs·}

"' 675

1986

3

OBBII

UC EAN-RELATED INC LI NAT ION
(deg)
. S.J1.FLL In:c:
SUN
ESA/ERS- lA
SY NCH

LIFE

STATUS OF PROJECT

COMMENTS

SENSORS

PENDI NG APPROVAL BY ESA
AND MEMB ER STATES

bCAI, SAR, ALT, OCM
. ...

JAPAN/MO S -2

SUN
SY NCH
SUN
SYNCH
SUN
SY NCH
NON SUN
SYMCH

JAPAN/MOS -3

-

. ESA/ ERS-1 B
ESA/ERS-2
JAPA N/MOS -1

"' .67 5

1989

3

"' 675

1989

3

900

1985

2

~CAT,

POSSIBILITY USI NG
SAR, ALT, OCM SPARES FROM ERS-lA

UNDER STUDY
PRELIMINARY STUDIES
UNO ERWAY

SAR, QI I
MESSR, VTIR,MSR,occ

APPROVED

.

~

•

-

1987+

-

ALT, SCAT, MSR,DCS

-

1991

-

ALT, SCAT, MSR,
SAR, VTIR

• w•

• -

•

• "•

PENDI NG APPROVAL BY NSTA1
PRELI MINAR Y STUD IES
UNDER\.IAY

DC~

I
I-'

USA/NOSS

SU N
SYMCH

725/3 mos.
700/after

1986

5

ALT, CZCS, LA~~R,
SC.L\T

25% OF PAYLOAD FOR
~ESEARCH SENSORS (DCS,
C:l\Q

?\

··-

PENDI NG APPROVAL BY
NASA

ALT/OF, MR

USA/TOP EX

65

1300

1986

5

USA/GRAVSAT

90

150

1986

~

USA/ER13E

2-97
1-47

2-870
1-600

1934

3

2 SATELLITES WITH
SATELLITE-TOSATELLITE TRACKING
3 SATELLITES: NOAA
TSEM, ERBE/S & NS F & G AND ERBS

CANADA /SAR
USA

cv 87-93

-

1987

-

SAR

ISCCP

36,000
5-0
2/3- '\, 90 800-1000

---·

1983

~CCURATE

VARIOUS SCANNING
VISIBLE/IR RADIOr
METERS

PENDI NG CONCU RRE NCE BY
ADMINISTRATI ON

PENDI NG APPROVAL BY
NASA
APPROVED
JOINT CA NADA-U SA MI SSIO N
REQUIREMENT STUD Y BEI NG
NEGOTIATED

7-8 SATELLITES:GMS ,

..

~OES, INDSAT; METEOR
~1ETEOSAT, NOAA, OTHERS

PENDI NG APPROVAL BY
PARTICIPATI NG NATIO NS

w
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SENSOR KEY

ALT

ALTIMETER

ALT/DF

ALTIMETER/DUAL FREQUENCY

SCAT

SCATTEROMETER

LAMMR

LARGE-ANTENNA MULTI-CHANNEL MICROWAVE RADIOMETER

czcs

COASTAL ZONE COLOUR SCANNER

SAR

SYNTHETIC APERATURE RADAR.

DCS

DATA COLLECTION SYSTEM

MR

MICROWAVE RADIOMETER (2 CHANNEL FOR WATER VAPOUR ONLY)

MES SR

MULTISPECTRAL ELECTRONIC SELF-SCANNING RADIOMETER

VTIR

VISIBLE & THERMAL INFRARED RADIOMETER

MSR

MICROWAVE SCANNING

OCM

OCEAN COLOUR MONITOR

OII

OPTICAL IMAGING INSTRUMENT (VISIBLE & NEAR IR/PUSHBROOM)

TSEM

TOTAL SOLAR ENERGY MONITOR (ACTIVE CAVITY)

ERBE/S

SCANNING 3-CHANNEL RADIOMETER (SOLAR & IR)

ERBE/NS

NON-SCANNING 2-CHANNEL ACTIVE CAVITY RADIOMETER
(SOLAR & IR)

RADIOMETE~
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SATELLITE NAME/COUNTRY KEY
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NOSS

USA/NATIONAL OCEANIC SATELLITE SYSTEM

TOP EX

USA/TOPOGRAPHY EXPERIMENT

GRAV SAT

USA/GRAVITY SATELLITE

SAR

CANADA-USA/SYNTHETIC APERATURE RADAR

ERBE

USA/EARTH RADIATION BUDGET EXPERIMENT (3 satellite system:
NOAA-F, NOAA-G, ERBS)

ERS

ESA/EARTH REMOTE SENSING

MOS

JAPAN/MARINE OBSERVING SATELLITE

ISCCP

INTERNATIONAL SATELLITE CLOUD CLIMATOLOGY PROJECT

GMS

JAPAN/GEOSTATIONARY METEOROLOGICAL SATELLITE

GOES

USA/GEOSTATIONARY OPERATIONAL ENVIRONMENTAL SATELLITE

IND SAT

INDIA/INDIAN GEOSTATIONARY SATELLITE

METEOSAT

ESA/GEOSTATIONARY METEOROLOGICAL SATELLITE

NOAA

USA/OPERATIONAL METEOROLOGICAL SATELLITE (POLAR ORBITING/
SUN SYNCH)

METEOR

USSR/METEOROLOGICAL SATELLITE (POLAR ORBITING/NOT SUN SYNCH)
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SATELLITE OBSERVATIONS FOR WCRP OCEANOGRAPHY

In this section, the various satellite observations of the ocean that will
contribute to WCRP oceanography are introduced and some preliminary conclusions are
reached concerning the need and opportuinty for combining observations made by
different groups. Measurements of the following properties are considered:
1. The horizontal pressure gradient
2. The surface wind stress
3. The surface temperature
4. Precipitation and evaporation
5. Surface waves
6. Sea ice
At present, one of the most serious causes of lack of confidence in the
predictions of numerical models of the ocean circulation (whether diagnostic or
prognostic) is that existing data bases containing the properties listed above are
inadequate in accuracy, spatial coverage and spatial and temporal resolution. It is
believed that the satellite observing techniques described in this section of the
report will dramatically change the quality of data sets used in ocean circulation
modelling and so significantly reduce uncertainties in model predictions attributable to data inadequacies. The data problem is so serious at present that the
meeting had no hesitation in concluding · that the satellite systems proposed for the
latter part of the 1980's will lead to a major step forward in the development of
ocean circulation models, but the systems are so new that it is not clear how far
this first step will reach. What is clear is that satellite observations have the
advantage of providing more homogenous data quality, better global coverage and
space-time resolution and quasi-synoptic coverage. There is also evidence that the
accuracy of the system can be significantly improved by careful design and operation
in all elements of each measurement and in careful combination of similar measurements by different groups. There is no hard evidence at present to guide us as to
the ultimate targets for such improvements in observing system accu~acy. This is
because, although the performance of existing ocean circulation models is at present
limited by the available data, it is also limited by assumptions in the models that
may mask the potential benefits of improved data sets. There is- an urgent need to
reduce the constraints imposed on models by such assumptions in preparation for the
improved data sets and in order to carry out sensitivity tests to discover whether
improvements in the accuracy of some observations are more important than in others.
Of course, improving ocean circulation models takes time, and progress is limited
by the availability of large computers and suitably qualified scientists. To be
realistic, it is unlikely that progress will be sufficiently rapid to have an impact
on the design of satellite systems to become operational in the 1980's, except perhaps in the choice of orbits and some supporting surface observations that have a
relatively short lead time. Specifications for the 1980's must be based on rather
broad considerations, such as minimum signal-to-noise ratio in the seasonal cycle
or the eddy field, on the one hand, and the results of past case studies in regions
where the evidence from the existing data base seems to be unusually clear, on the
other. For example, the seasonal and interannual changes in subsurface temperature

'- ·
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structure and surface pressure gradient in the Equatorial Pacific known from in-situ
observations lead to a specification for satellite altimetry (surface pressure) and
scatterometer (wind stress) measurements. There is no difficulty in identifying
phenomena of potential importance to WCRP oceanography that could be better understood if the pressure fields were known to l mb, the wind stress to 0.1 dyne/cm2, the
surface temperature to 0.1 K and so on, with appropriate space-time sampling. These
values are an order of magnitude better than system designers confidently expect to
deliver in the 1980's. The present specifications are already sufficient to justify
the effort, but there is still potential for valuable improvement that might be
attainable with the coming generation of satellites if great efforts are made to
ensure all elements are pushed to the limit of what is technically feasible. The
design philosophy should be to achieve such accuracies that the satellite-based
observations are not the limiting factor in modelling ocean circulation. This limit
will depend partly on the design of the models and partly on the quality of the other
observations to be collected in the WCRP oceanography experiments while the satellites
are operational.

6.1

Satellite Altimetry

The geostropic flow at any level in the atmosphere or ocean can be calculated from the hydrostatic pressure gradient measured along a horizontal or geopotential surface. The input to atmospheric circulation models starts with measurements
of pressure made on the ground or sea surface. This gives a level of known geostrophic motion from which the flow at other levels can be calculated by integrating
the thermal wind equation using the measured slope of potential density surfaces
(i.e. the baroclimicity). The oceanic circulation modeller, on the other hand, has
no data from which to calculate the horizontal pressure gradient at any level, and
has been forced to assume that it is neglible in deep water (say depths greater than
l or 2 km) and to use a reference "level of no motion" from which to start vertical
integration of the thermal wind equation using measured baroclinicity. The result is
that classical dynamical models of oceanic circulation have a velocity uncertainty at
all levels corresponding to the unknown horizontal pressure gradient at the reference
level. Recently there have been a number of attempts to reduce this uncertainty by
introducing additional budget assumptions (e.g. heat conservation and potential
vorticity conservation) into the diagnostic models. The results have been stimulating, but these methods do not work everywhere. The ideal solution would be to find
a universally applicable way of measuring the horizontal pressure distribution at
some level. Satellite altimetry offers the most promising approach towards this
ideal solution.
To give some feeling for the potential of altimetry, a few possible applications are listed.
(1)

Perhaps the easiest signal to detect is that corresponding to the eddy
field. Since the geographical distribution of mesoscale eddies is not
known, the global coverage of the altimeter can fill in our knowledge
of the statistics of the transient eddy field, and give some indication
of the dependence on bottom topography and proximity to strong boundary
currents. SEASAT results suggest this is feasible in parts of the ocean
where the geoid is relatively smooth. The problem is mor~ difficult in

- 18 in areas where the geoid is highly structured, because of the greater
need to have orbits repeat nearly exactly, but does not require ultra
high precis i on orbit determination.
(2)

It is known that there are quite large annual and interannual changes in
surface elevation in the tropics. The interannual changes in the Pacific
appear particularly large (tens of centimetres) . Such changes can be
partly monitored by the tide guage network in the West Pacific but there
is no corresponding network possible for the East Pacific, (nor for the
Atlantic and Indian Oceans). It is believed that this large scale interannual adjustment in the Pacific (related to El Nino) is drived by the
surface wind stress and is important in inducing variations in the near
surface currents, thermocline depth and sea su r face temperature in the
east. Altimeter data gives us the prospect of detecting the changes
occurring in the ocean over the whole longitudinal range of the Pacific.
Theory suggests that the combination of altimeter data, wind stress and
sea surface temperature (the two former in particular coming f r om satellites) is probably adequate to greatly enhance our knowledge of this
process.

(3)

Outside the equatorial region, seasonal variation in surface elevation
is related to thermal expansion of the water above the seasonal thermocline. Al t imeters can yield information on the annual cycle of heat
storage on a global scale. At this time all analyses of the deep ocean
circulation assume that there are no large scale variations on an annual
or interannual timescale. Detection of such variations below the upper
few hundred meters is more difficult but in limited areas such information can be made available from the altimeter combined with independent
measurements of density in the upper layer. Alternatively, systematic
mapping of the position (and of possible strengths) of the boundary
current as well as the level of eddy activity may give information on
the deeper baroclinic structure. Mapping of boundary currents and eddy
activity should be possible via the altimeter.

(4)

Understanding of the mean circulation of the ocean is perhaps the most
important and challenging ocean related problem within the WCRP. Alt imeter data, coupled with other data from hydrography, floats and tracers
via estimation theo r y will certainly reduce the constraints on understanding the circulation. To do this, however, requires very demanding
specification of this altimeter. Unsupported by independent hydrographic
data, the altimeter provides an estimate of the vertically integrated
density i n the water column, subject to an uncertainty in the pressure at
a reference level in the deep wat e r, where to a first approximation
horizontal gradients have historically been neglected. Such information
on a global scale would i n itself be very va luable. However, in regions
where additional independent measurements of density are available
throughout the water column, it becomes possible·- to subtract pres sure as
a residual from the sea level to obtain the reference level. In the
better known ocean basins this barotropic part of the velocity field is
the major unknown, resulting in total transports which are typically
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30 x l0 m /s. Determination of such transports to l0 m /s in mid-latitude
requires the absolute determination of long term average sea level relative to the geoid to ± 2cm.
F.
Projected uncertainties, both systematic (in the order of 2-4 cm) and
random (order of 10 cm) in altrimetric measurements over distances ex- ·
ceeding 3000 km and longer, coupled with good numerical ocean circulation
models, should be able to reduce greatly the current uncertainty in the
mean circulation of the ocean. The results of applying these tools
properly will reduce the uncertainty in oceanic heat and fresh water
fluxes to acceptable levels, and provide a detailed description of the
ocean circulation permanently, thereby much improving understanding of
the physics of the planetary climate system.
Satellite altimetrv involves a number of measurements designed to produce values of
the hydrostatic pressure on a geopotential surface to an accuracy of better than 10
cm water gauge (10 mbar). The ingredients include:
(1) The Geoid. Measurements of the geographic variation of the gravitational acceleration (by ship-board gravimeter and by satellites such
as the proposed GRAVSAT mission) to determine the geographical variation of the distance between the reference geopotential surface and
the centre of the Earth.
(2) The Orbit. Accurate tracking of the satellite from ground stations
plus interpolation between fixes using a model of its orbital
characteristics to determine the distance between the satellite and
the centre of the Earth as a function of time and geographical
location.
(3) Radar Range (uncorrected). Measurements of the round trip travel
time for a radar pulse from the satellite reflected at the sea surface,
converted to an uncorrected distance assuming a standard structure for
the atmosphere and sea state.

\.

-

(4) Atmospheric (correction to radar range).
(a) Correction for varying ion-content by using a .two-frequency radar.
(b) Correction for varying atmospheric mass (surface pressure) and
water content from standard meteorological analysis supported by
satellite microwave and infrared profiles and satellite interrogated drifting buoys, etc.
(5) Surface Waves (correction to radar range). Correction for surface
waves using a wave spectrum model supported by satellite observations
including scatterometer measurements of surface wind stress, altimeter
estimates of significant wave height, etc.
These measurements will be discussed in more detail in following sections.
satellite altimeter configurations and options are given in table 6.0.

Various
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-·Altimeter Geoid
Trajectory
Track
repeat cycle Orbits
LifeTypical
error
knowledge restitution repetitivit /grid size
time
case
budget
accuracy

···---

20

.

cm~2

range

er 2 '"""10 en 2 m-910 cm

.( 1 km

3 days ..:;.23 days

Achievable
oceanographic
objectives

Comments

incl inaticn 1 year
sun..:i>S years
synchronou~

cross-track
angle

20 cm

2m

2m

>l km

Non SunSynchronous
(i=J.15°)

23 days

3 yrs

GEOS-3

S~ynchronous would
· not change
the result s

2 cm __.

2m

2m

.c 1 km .

2 to 10
days
.

-

2 cm
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The existence of an altimetric satellite like the USA's TOPEX with the
characteristics in para. 7.2, will contribute significantly to the WCRP in a number
of ways. It would provide thorough studies of the variability along tracks, of
the global field variability ranging in scale from the mesoscale up to the gyrescale.
It is noted that no other method of obtaining such necessary global statist~cs seems
possible. The eddy field and other variability provides a potentially important,
but as yet, ill-understood role, in the circulation of heat, salt, momentum, etc.
This altimetric satellite, combined with a variety of in-situ, yet regional observation devices will provide the first determin tion of the global field of variability
(at least in so far as it is manifested by surface geostrophic curr~nts), a necessary
step towards understanding the circulation.

-"

The time average properties of the altimetric satellite will provide an
essential determination of the absolute geostropic velocity at a reference level for
the determination of the average ocean circulation (see Section 4.2 on World Ocean
Circulation Experiment). This results in a capability for determining the climatic
state of the ocean, its annual cycle, and its interannual variability - key problems
in understanding the ocean and its role in climate.
6.1.l.l
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Relation to Sun-Synchronous Satellites

A number of other altimetric Satellites have been proposed for sun-synchronous orbits. For these satellites, the dominant solar tide will be aliased into ·
the mean topography of the sea surface. The uncertainty over much of the ocean in
the mean sea surface is less than about 10 cm. The only way that sun-synchronous
satellites could then be used to study the mean ocean circulation would be to subtract the ocean tides from the altimetric data. But this will require extraordinary
accuracy in the tidal models. Nor will the satellite itself be capable of directly
improving global knowledge of the solar tides. Furthermore, the solar tides are
split by the cycle per year orbital motion of the earth about the sun. This splitting means that the very important seasonal cycle in the ocean will contain a
strongly aliased tidal component which will also be very difficul~ to remove from
the data. Furthermore, the sun-synchronous orbit will also alias the most prominent
lunar tide into one cycle per 14 days thus reducing the number of these cycles in
the mission lifetime and compromising the ability to well-determine the global lunar
tides.
The sun-synchronous satellites will be in a high inclination orbit, forcing
the ground tracks to be nearly meridional. This configuration means that the meri-'
dional components of geostrophic flow may be poorly determined. The ability to
·
construct a mean topographic sea surface depends upon the angle (9) at which the
ground tracks cross each other; and the error incurred in the arc-crossing analysis
depends roughly on cotangent of (Q). With the high inclination orbit, ground tracks
will cross at very small angles in mid latitudes, suggesting a very poor control of
the error in the zonal relationship of neighbouring tracks. We note in passing,
that many of the most important climatological questions about the ocean, e.g. the
meridional heat flux, will be very poorly determined with the altimeter.

- 22 These spacecraft will be poorly tracked in a low altitude, ,high drag orbit.
There are two effects here. The poor tracking and high drag means that the orbits
will not be well known, thus incurring a large error in the long wavelength components of surface speed. For this reason it is often said that such satellites
will be able to determine well only the mesoscale (order lOOkm) variability. But
even such a limited goal presumes that the ground tracks will repeat nearly exactly
- at least sufficiently closely that the geoid, which will be poorly known on the
100 km scale, does not change significantly between tracks. But the high-drag means
that in many regions the major change will not be in the water but in the geoid.
Thus even the mesoscale variability may be poorly determined in many regions. The
spacecraft are inherently high-drag because of the many, very large, instruments
which they must carry. No feasible orbit can render it low-drag. (There may be
strategies for deducing information about the mesoscale va r iability nearby but noncoincident tracks). Many of these problems disappear in the presence of a TOPEX
like satellite which would make it possible to take advantage of sun-synchronous
altimeter data and greatly enhance their scientific value. Briefly, TOPEX would
pr ovide a global measurement of the tides which will feed back into the tidal models.
used to correct the sun-synchronous data. The low inclination of the TOPEX orbit
means that the TOPEX ground tracks will cross the sun-synchronous tracks at a high
angle, making it possible to tie the tracks together one to another to combine the
two data sets into one.
There are two ways in which TOPEX can take advantage of sun-synchronous
satellites. The low inclination TOPEX orbit means that the high latitude oceans,
principally the Norwegian Sea and the near-pole regions of the Southern Ocean will
not be covered. The high inclination orbit of the other spacecraft would cover
these regions with dense ground tracks. Execpt for the tidal aliasing problem,
these will provide useable coverage of the variability there. The combination of
sun-synchronous and TOPEX data will also allow the accurate measurement of the shape
of continental ice sheets in Antarctica and Greenland.
ments
TOPEX
TOPEX
might

6.1.2

The meeting emphasized the importanc e to the WOCE of topographic measureat high latitude, especially in the Southern Ocean. It was noted that the
plan assumes that these measurements would be covered by satellites other than
(NOSS, MOS-2, ERS-1, etc.), and that the specifications for the TOPEX satellite
be adjusted if they were not available or adequate.
Error Fields in Satellite Altimetry

-----------------------------------

The accuracy with wh ic h an altime ter measures t he topography of sea surface
depends on a knowledge of the space and time scale variability of a number of factors
affecting the pulse travel time. In the medium in which the pulse travels, water
vapour in the atmosphere and free electrons in the ionosphere introduce small perturbations in the velocity. The sea surface itself is subject to displacement by
tides, waves and atmospheric changes. The greatest error source at present, however,
is our lack of knowledge of the earth's gravity variations - especially at wave
numbers relevant to ocean circulation scales .

...__/

- 23 Uncertainties in the gravity field introduce two major sources of error.
In the first place the orbit of the satellite, especially its radial component, will
be subject to a cumulative error unless independent precise tracking is carried out.
Secondly, the geoid must be subtracted from the altimeter signal to yield the contribution due to oce0n features. In areas where no detailed shipborne gravity survey
has been made, our knowledge of the geoid is derived from observations of the perturbations of satellite orbits and is therefore limited to wave numbers smaller than
some critical value. Over large areas of the ocean geoid undulations of amplitude
up to 2-3 m at wavelengths of less than a few hundred kilometers remain unknown.
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Fortunately, although uncertainties in the geoid remain the greatest
potential source of error, use can be made of the fact that its undulations are timeinvariant and therefore susceptible to repeat sampling to reduce the uncertainties.
By the simpleJ°N law, 100 samples can reduce a 2 m error to 20 cm. But to profit
from repeat sampling techniques requires that the "repeat" orbit is constrained to
pass as closely as possible (say within a few kilometers at most) to previous passes.
This is more difficult to achieve in low orbits, ERS-1 and NOSS, for example, because
of the constantly changing orbital period caused by drag forces.
Without accurate knowledge of the geoid at the appropriate oceanic scales
(say, 100-10,000 km) it will never be possible to determine the magnitude of the
total surface current by altimetry alone. The proposed GRAVSAT mission could provide
a geoid accurate to 1- 2 cm when averaged over areas 200 km on the side. Alternatively
but less attractive, is the possibility of carrying out regional studies over areas
where detailed shipborne gravity surveys have been made.

'---'

With the present geoid uncertainty it would still be possible to monitor
relative changes in ocean circulation features, that is, the time-variant part of
the general circulation and the accuracy with which this could be done depends on
the magnitude of the remaining errors. We have seen that the greatest of these in
the absence of a precise tracking system is the uncertainty in the radial component
of the orbit, which in a low orbit, such as the 650 km proposed for ERS-1, would be
of the order ± 2 m so that changes of a few tens of centimeters over long arcs may
remain undetected. Orbital height changes are, however, limited to .low wave .numbers
so that large-scale features such as strong boundary currents (producing gradients
of the order of 100 cm over 200 km) and mesoscale eddies (20-50 cm over 100-200 km)
should be detected.
If TOPEX were in orbit simultaneously with the less precisely configured
satellites, (NOSS, ERS-1 and MOS-2) a crossing-arc analysis may allow a significant
improvement in estimating the mid-ocean trajectories of the lower-order systems. In
that case the limitations to the scale of ocean features that could be measured
would be set by the remaining error budget.
6.1.2.l

Sea Level Changes
(a)

Tides
There are no universally agreed tidal models of the deep oceans. It
is estimated that using a combination of deep sea tide guages and models,
corrections good to about 10 cm may be made over parts of the ocean.

- 24 This is large enough to be troublesome, and more accurate corrections
could be deduced from the results of an altimetric mission provided it
is placed in a non-sun-synchronous orbit such as that proposed- for TOPEX
and MOS-2. The sun-synchronous orbits proposed for ERS-1 and NOSS will
cause the dominant solar tide to be aliased into the mean sea surface
topography. It is therefore important that appropriate corrections can
be made from TOPEX aided by MOS-2 (provided, in the case of the latter,
that the orbital uncertainty can be reduced by an analysis of TOPEX track
intersections as discussed above).
(b)

Waves

Because of a skewness in the distribution of waves in a rough sea,
whereby troughs are better reflectors than crests, the mean reflecting
surface tends to shift more towards the crests as sea surface roughness
increases. Both experimental and theoretical studies have been carried
out to assess the magnitude of this effect and at present estimates vary
from about 2-5% of significant wave height. Thus, with an rms wave height
of 4m the correction could lie in the range 8-20 cm. Obviously, for all
altimeter missions, further work is required on this problem.
(c)

._____

Inverted Barometer Effect

A l millibar increase in atmospheric pressure corresponds to a sea
surface depression of about l cm, although the actual magnitude of the
effect is a function of space and time scale s . It is unlikely that surface pressure over the sea could be measured directly from a spacecraft
durinq the lifetime of the proposed altimeter missions and one must resort
to surface analysis in connjunction with scatterometer measurements of
surface winds. It is expected that by the mid-1980's estimates of the
effect should be reliable to 2-3 cm
Thus, the total rms error in the position of the reflecting surface of the sea caused
by tides, waves and atmospheric loading will probably lie in the range 5-12 cm, the
dominant error being produced by uncertainty in the tidal amplitude unless derived
independently by TOPEX.
6.1.2.2

Atmospheric and Ionospheric Errors

Whereas the scale of errors introduced by forces acting on the sea surface
may eventually be calculable to a few centimeters, the space and time changes within
the atmosphere will be more significant if no special precautions are taken in the
satellite. Changes in atmospheric water vapour affect the index of refraction and
hence the travel time. This range error consists of a dry component equivalent to a
height difference of approximately 230 cm and a wet component lying in the range of
5 - 35 cm. Local instantaneous values can be obtained directly from a microwave
radiometer carried on the spacecraft and in this case,the errorcanbe reduced to 2cm.
TOPEX, NOSS and MOS-2 will carry such radiometers (in the case of TOPEX, a dedicated
2-frequency sounder) but there are presently no plans to include such an instrument
in the ERS-1 payload. Corrections must then be applied from surface models which,
according to the quality and quantity of available data can produce errors in the
range of 3 - 6 cm.
·
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- 25 A greater error may be produced by variations in the ionospheric free
electron content which may change by up to an order of magnitude f r om day to night
and from summer to winter. The effect of the electron content on the velocity of ·
a radio pulse can be greatly reduced by increasing the frequency of the pulse, or
better still, by using dual frequencies. This is the technique proposed for TOPEX
and the error is expected to about 1 cm. Using a single SEASAT frequency (13.5 GHz)
the error which typically lies in the range 0.5 - 30 may be estimated with varying
degrees of accuracy accordi ng to the method used. Using the measurements from
another satellite passing (say) 3 hours late produces an estimated error of 10% or,
if separated by 1000 km, 20%. Taking the latter figure gives an estimated 6cmerror
for a total atmospheric/ionospheric error of 8 cm. This compares with an estimated
2 cm for TOPEX. Improvements could be introduced by using a higher frequency instrument and/or including a radiometer in the payload.
6.1.2.3
.._,,,·

Review of Overall Error Field

We have seen that no reliable estimates of the general ocean circulation
(including the time-invariant part) can be made until a geoid accurate to better than
10 cm over wavelengths of several hundred kilometres is available.
Measurements of
changes in surface currents will depend on the measures taken to monitor the errors
introduced in the atmosphere, at the sea surface and by orbital uncertainties. · TO~EX
with its proposed high-precision tracking system, dual frequency instrument, microwave sounder, non-sun-synchronous orbit and low inclination, is dedicated to minimizing those errors so that changes in sea surface topography of a few centimeters
over horizontal scales of hundreds to thousands of kilometers will be detected.
6.1.3

~:~~!~!-~::~:~:~-~=9~~:=~=~!~

When determining the instantaneous sea level, the satellite serves as a
reference and any error in calculating the orbit will be reflected in the sea level
measurement. The spectrum and magnitude of the perturbations of the trajectory must
be considered along with the spectrum and magnitude of the surface effects . Table
6.1 contains examples of some of the represented values.

-

There are two methods for computing trajectories:
(a) Compute orbits with arc lengths of~3 days using "classical" methods
and accurate observations, namely laser devices havin~ range accuracies
better than lb centimeters. Disadvantages of the method are the increase
in the effect of non-g r avi ta tional forces (solar pressure - and drag in
the case of low orbits) and of high gravitational forces. 'These can put
technical requirements on the satellite (height, area to mass ratio) and
require other systems (GRAVSAT) to provode better gravity field measurements.
The advantage is that the system (Laser network) exists and the onboard equipment is simple and reliable.

TABLE. 6.1

equirements
Objectives
Variable Ocean
Ci rcu1 a tion

EXAMPLES OF SURFACE ELEVATIONS ACCURACY REQUIREMENTS

Range of
sea surface
topography
variations

Accuracy
and
Samp1 ing

Accuracy
on the
trajectory
A) absolute
B) relative

Orbit
Type

Geoid
Accuracy

.

variability
near strong
currents

lateral meandering
apparent change
20 cm/few hundred
km of current

5 cm/1-10
days

A-1 meter

Repetitive
('Vl km)

not needed

5 cm/l -10

A-1 meter

Repetitive
(1 km)

not needed

detection of
dynamic eddy
spectrum and
amplitude

0-50 cm

seasonal and
interannual
f1 uctua tions of
ocean circulatior

2-20 cm/
year-months

1 cm/10 days

a few centimeters/R

Repetitive
(l km)

30-160 cm
0-30 cm
· 30 cm

l cm
5 cm
1 cm/month

R-5 cm
R-5 cm
R-5 cm

not sun
synchronous

{5 cm
day/years

A-5 cm

not sun
synchronous

5-10 cm

1-meter

f'.)

not needed

Mean ocean
drcuiation
mean currents
(static eddies)
mean f1 ow

-Tides

0-2 meters

-Geoid

0-1 50 meters

(

\

:::10 cm
<10 cm or better

<10

no requirement

(

cm
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- 27 (b) Compute the orbit with arc lengths of 20 to 30 minutes of the ocean
respective to the surrounding continents. A disadvantage of this method
is that special equipment is required both on-board and on the ground that
can be costly considering the requirements for dense coverage. There is
another problem associated with the possible need to connect the refererence
regional network through higher altitude satellites like the proposed
POPSAT from ESA. Such new systems as the HASP (High Accuracy Space
Positioning) proposed by ESA in support of ERS-1 do not as yet exist and
studies have to confirm its feasibility.
This approach is not applicable to NOSS or ERS-1 or any low flying satellite because of the drug.
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Further studies on modelling non-gravitational forces, or improving the
gravity field must be performed with emphasis on the systematic part of the remain i ng
errors (to be compared to the wavelength and timescale of the effects). Any improvement will increase the reliability of the oceanographic results . · Radio electric
tracking systems having ultra precise accuracy have to be studied carefully. In the
case of a high orbit satellite (TOPEX), they can improve the quality of the orbit
and solve the problems coming from solar pressure and the grovity field. In the case
of low orbit satellites, the very short arc approach is the only way to hopefully
achieve accuracies that will contribute to studies of topography. Emphasis should
be on rapid computation in order to detect the oceanographic features ·and ensure
rep~tivity.

6.1.4
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The space agencies are at varying stages of consideration of proposals for
altimeter packages on satellites to be launched in the next decade. The position as
known to the meeting is set out in Table 5.1
All the sun-synchronous (s.s.) satellites are expected to have their descending nodes aligned to times close to local noon for best use of instruments such
as the OCM and CZCS. Sun-synchronism implies orbit inclinations between 98° and 99°
at the heights considered.
~

TOPEX is the only proposal in which the requirements of altimetry are paramount. On the other satellites the needs of the other sensors - · look angle, resolution, power supplies limit their altitude but this can be adjusted over a significant
range to allow different repeat periods.
The GRAVSAT proposal for accurate gravity field determination at wavelengths greater than 200 km is the other programme with a major impact on all the
altimeter studies. It would therefore be of the greatest help for all groups involved to be well and timely informed of changes in the status of this programme.
On the present schedule the proposals fall into two group~ - NOSS, TOPEX
and ERS 1-A in the mid 80's and MOS- 2 and ERS 1-B in the late 80's with possibly
MOS-3 later. In each group there is one non s.s. (n.s.s.) satellite planned, and
if expected life times are achieved there will be considerable overlap.

- 28 6.1.4.1

Dependencies
Tidal Aliassing
It is important that the s.s. altimeters have the benefit of the
global tides derived from the unaliassed n.s.s. TOPEX and MOS-2 programmes
and also tidal models.
Without the n.s.s. altimeters much of the aliassing may possibly
still be avoided provided there are two or more s.s. altimeters in identical (same ground track) simultaneous orbits at appropriate phase. The
need for identical orbits could be rel a xed if the GRAVSAT proposal is
approved but simultaneity in period of operation is essential. This puts
a burden on the operating agencies but should be examined furthe r by them.
It is recommended that a study be made to determine:
(a)

The possible arrangements of s.s. orbits that would minimize
tidal aliassing in cases when there is improved geoidal information (from GRAVSAT) and when there is not.

(b) . The degree to which the presence of a s.s. altimeter giving
partial tidal information would permi t a relaxation of the
constraints on the TOPEX orbit permi tt ing for example, a high
inclination orbit and penetra t ion of the Southern Ocean.
Global Coverage
TOPEX will not effectively reach either the Southern Ocean or Polar
Seas. For the general circul~tion experiment this is the area in which
the s.s. sateilites can have their greatest special contribution. Bear in
mind that at high latitudes the vertical geostrophic shear becomes less
and that therefore the surface slopes are more representative of the total
flow. Also, in the Southern Ocean the currents have a str~ng zonal component (although meridional currents a r e significant and of importance to
the heat flux).
Thus the s.s. satellites with their high inclination orbits are well
suited to estimates of meridional slopes and zonal currents . Although the
s.s. orbits have generally small crossing angles - at high latitudes these
improve and it may be possible to make reasonable estimates of the meridional currentsaswell, provided efforts are made to achieve the highest
tracking accuracy.
It is recommended that the operating agencies cooperate on studies:
(a)

to determine the feasibility of harmonisation of orbits for
periods of intercomparison, and

- 29 (b)

6.1.5
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of the trade-off between such intercomparisons and better
ground-coverage through arranging for distinct orbits (with
and without GRAVSAT data).
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The proposal to determine surface geostrophic current speed in the ocean
from an altimetric satellite rests on the measurement of the surface slope, tanCX.,
resulting from the dynamic balance between the Coriolis force and a horizontal
pressure gradient, ~hp, due to the sloping surface. The angle~is measured relative
to a level surface that would be assumed by a motionless, uniform ocean under the
influence of gravity and centrifugal forces alone. This latter surface is defined
as the marine geoid, and it must be determined independently of the altimetric
measurement if oceanic departures from it are to be found. If, for example, a midlatitude current is to be measured to a precision of approximately± 5 cm/s, the
corresponding slope must be found to about one part in 5 x lo-7, corresponding to
an elevation of 2-3cm over 50km. This latter dimension is characteristic of the
width of the western boundary of a current system such as the Gulf Stream or the
Kuroshio. Thus extreme precision is required for the altimeter, the orbit, and the
geoid, if absolute current measurements are to be made from topographic observations.
The proposed GRAVSAT mission will be designed to achieve a major portion
of this objective. By flying a pair of drag-free satellites at altitudes as low as
150 km, it is expected that the geoid can be mapped over much of the earth's surface
to the required vertical resolution of 2-3 cm, for horizontal scales in excess of
some 400 km. Except in a relatively few (but important) areas, this mapping should
be sufficiently accurate to allow the oceanographic task of current measurement to
be made.
The exceptions are in regions of large geoidal variability, such as continental shelf edges, islands, seamounts, and deep ocean trenches. Unfortunately,
many of these features occur along continental margins, where oceanic boundary c~r
rents also occur. Here other means must be found of mapping the geoid down to scales
of 1-2 cm over 50 km if the required accuracy in current speed is _to be achieved.
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Existing high precision geoids are derived from three basic data types. The
satellite geoid is obtained from accurate observations of satellite positions and
velocities, and an inversion is made of these quantities to obtain a description of
the geopotential; this function is usually represented in terms of spherical harmonic
functions. The corresponding description of the geopotential probably has an rms
accuracy of near 2 m for geoidal undulations in excess of 2000 km.
The second type of geoid is obtained from surface gravity anomoly measurements on both land and sea, much of which have never been covered by observations.
The integration of gravity anomolies over the earth's surface can yield a good finegrained geoid where the data are sufficiently dense, but is unable to capture undulations with wavelengths greater than perhaps 200 km. The best marine geoid currently
available combines spherical harmonics and marine gravity in a limited region in the
west~rn Atlantic between Florida and Bermuda, from 16 to 39°N and 60 to 82°W.
Estimates of its internal consistency give elevation errors at long wavelengths of 2-3 cm.

- 30 Horizontal resolution varies between 1° and 20°, and it is probably i n greatest error
for wavelengths between 200 and 2000 km.
A third type of geoid is calculated from satellite altimetry obtained from
the GOES-3 spacecraft. The errors implicit in such a calculation are of order 0.5 m
globally and are thus considerably below those of either the orbit-derived or gravityderived geoid. However, the altimetric geoid contains a mixture of the ve r y oceanic
signals one wants to extract, and unless ways of eliminating those signals from the
geoid are found, this geoid is not very useful for oceanography.
A method of using a combination of satellite gravimetric, and altimetric
geoids together with hydrographic and future altimetric measurements has been
suggested to solve simultaneously for a corrected geoid and ocean circulation field.
The method uses geophysical inverse theory and in principle appears to be powerful enough to arrive at the general steady-state circulation of the ocean, given several
years of data and sufficient computational power. The rapidity of convergence of
the method will depend strongly on having a very good first estimate of the geoid,
however.
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These considerations bring us to the following points. First, the long
and intermediate wavelength undulations of the geoid (40,000~A~ 400 km) must be
ob t ained from a GRAVSAT-like mission and a spherical harmonic (or other) description
of the geoid of order and degree near 110. This will provide the reference equipotential for the steady circulation over much of the earth, but will fail where the
geoid has rapid undulations, as mentioned above. Second, where important ocean
currents exist, ship gravity surveys must be taken to define the shorter wave components down to a length of perhaps 40 km. This will be especially important near
boundary currents. Third, these data must be used, along with the long duration
precision altimetric measurements from TOPEX, in a grand calculation that simultaneously yields a corrected geoid and the mean surface current speeds. Once the
geoid calculation is complete and the errors in it are reduced to the level of a
few centimeters, the geoidal task is finished for geological times. One can study
both long and short term variation in the ocean circulation from future satellites
without the need for additional geodetic research.
It is recommended that:
(a) A GRAVSAT mission which is absolutely essential to the task of determining the general oceanic circulation be flown before the TOPEX
mission is complete, with emphasis on obtaining high accuracy and the
shortest possible wavelengths in the geoidal field. It should be
noted that the TOPEX altimetric data cannot be used to arrive at the
steady circulation until the GRAVSAT mission is completed.
(b) Marine gravity surveys to an overall accuracy of 2 to 3 mgal be undertaken in ocean areas that contain significant currents flowing near
regions of high geodetic variability. These measurements take considerable ship resources and time to complete, and should be shared by
participating nations. The Global Positioning System will be very
useful in reaching the required tontinuous navigational accuracy of
0.2 to 0 . 3 km.

____,

- 31 (c) The data from Recommendations a and b _be blended together and a precision global geoid developed whose surface is precise to a few centimeters over all wavelengths from approximately 40 to 40,000 km. This
geoid may then be refined by the simultaneous solution for surface
circulation and equipotential.
6.2

Wind Stress

The wind stress on the sea surface is one of the primary variables in
climate research. For meteorologists, it is the drag exerted by the water on storms
and on the large-scale circulation;
it may also be related to the surface wind so
stress data may be treated as wind data. For the oceanographer, the curl of the wind
stress, averaged over the entire basin, drives the large-scale circulation. For both
meteorologist and oceanographer the wind speed is required in all the flux parameterization formulae, and is thus of central importance in heat flux studies.
...,/

The actual mechanisms by which the wind imparts its horizontal momentum to
the water are only poorly understood. It is known that turbulence carries the momentum downwards in the air, and this allows the derivation of formulae of computation
of wind speeds at heights other than the measurement height. It is known that some
of the air momentum goes into the wave field (and thence, by nonlinear mechanisms,
into currents) and that some is transmitted directly by tangential stresses, but the
partition is not known. Nor is the partition of momentum in the wave spectrum understood.
Microwave scatterometers, such as those to be launched with NOSS, ERS-1,
MOS-2 and 3, and the Soviet Natural Resources Satellites, measure the backscatter from
13 GHz radiation, that is, from wavelets of several cm wavelengths. Such gravitycapillary waves are seen as "catspaws" on the water surface; they dissipate quickly
and are quickly regenerated by the local wind, so their height is a relatively strong
function of the wind stress. The theory of their generation has not been completely
worked out, and there is little hope of making a sensible model. The waves are
strongly affected by surface contamination, the oceanic distribution of which is
unknown. Surface temperature is also felt to be of significance. Swell is known to
modulate the amplitude of the short waves, but the mechanisms involved are not wellunderstood.
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The approach taken by the scatterometer users has been simply to compare
the microwave backscatter with wind speed measured by ships in the sensor footprint,
amd form an empirical relation. Results show that such relations are good to ± 2m/sec
in wind speed and ± 20° in direction. Such accuracies in wind vector measurement are
of great value to both the meteorologist and the oceanographer interested in climate,
especially when it is realized that random components of the errors may be averaged
out over the long times concerned. But there is at the moment no feasible way to
verify the scatterometer wind stress-microwave backscatter relationship. The calibration problem needs to be approached in three ways. First, point intercomparisons
of the instruments with in-situ sensors must be attempted (this was attempted in
JASIN, and the wind vector intercomparison was within the SEASAT scatterometer specifications for wind speed; the actual stress intercomparison has never been attempted).
Second, process-orientated studies should be undertaken with the aim of elucidating
the physical relation between the wind stress, the short waves, and the resulting
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backscatter. Third, longer-term (i.e. continuing) investigations should be made of
the statistics associated both with large-area averages of backscatter-derived winds
and with in-situ winds measured at one or a few "representative" points. Such intercomparisons would allow the rational incorporation of satellite-derived winds in
climate and large-scale weather forecasting data bases.
The calibration problem is further exacerbated by inad equacies in our abilities to measure surface winds from ships and buoys. It is quit e l ikely that a
significant part of the scatter in the intercomparisons is due . to problems with the
ship/buoy measurements of windspeed. But the worst problem is that the in-situ
measurements may contain biases of up to 10%, and these biases may be built into the
scatterometer algorithms. In fact, the best standard against which to calibrate
satellite wind stress sensors may be aircraft eddy-correlation measurements. Such
measurements, for instance, stand the best chance of obtaining area averages comparable with those obtained from the satellites.
Additional sources of serious error in the satellite wind stress measurements are the presence of rainfall, atmospheric water vapour in the field of view of
the satellite. Any calibration experiments must take these into account; the results
of such calibrations must be expressed in terms useful to those who must, in the
large-scale climate experiments, apply corrections to incoming data.

~~ ·
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It is recommended that calibrations of satellite wind stress measurements
take the form of point intercomparisons, process-orientated studies of the physical
mechanisms involved in the generation of the scattering gravity-capillary waves, and
continued monitoring of the statistical characteristics of climate-scale averages
obtained by averaging both satellite-derived winds and winds obtained in-situ at
specific locations. All intercomparisons should be carefully investigated with the
intent of eliminating systematic errors at the 1-2% level.
6.3

Sea Surface Temperature

The climate problems requiring satellite measurements of sea surface temperature are of three distinct types.
The first is concerned with year to year anomalies on scales of some 20° of
longitude and 10° of latitude which last for several months or longer. Such anomolies have typical peak magnitudes of 2°C and are believed to cause, under certain
conditions, variations in atmospheric circulation which extend around the globe and
are a significant and potentially predictable part of the interannual variability of
climate. Under other conditions the anomalies may be merely passive indicators of
past atmospheric fluctuations.
The reliable measurement of such anomolies from space requires observations
which have high absolute accuracy (with uncertainties substantially less than the
phehomenon being measured). This is, however, required only after they have been
subjected to considerable averaging in space and time and stringent quality control
(selecting only the highly rel i able estimates). Some systematic smaller scale coverage is necessary to eliminate a liassing due to mesoscale eddies and individual meteorological events, but because o f the slow rates of change of sea surface temperature
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Most troublesome are systematic errors in the corrections (such as for atmospheric
humidity) which are partially correlated with the phenomenon, or the inability to
detect the presence in the field of view of low level clouds at night (when the skin
effects at the surface of the ocean are most predictable).
Very important information on climate would come from global sea surface
temperature observations (particularly in the tropics) with residual uncertainties
of .5°C or less. Much less information is conveyed if the uncertainties are l.0°C
and almost none if they are larger.

'---/

The second type of problem is concerned with mesoscale processes, such as
meanders and eddy shedding in western boundary currents. Such phenomena are important to climate as indices of change in the general circulation in the whole ocean
basin. Here the primary need is to identify time sequences of patterns at the surface which ~re related to underlying dynamical structures. High spatial resolution
and reasonable coverage in time (every few days after losses due to clouds etc.) are
important, as is good relative sensitivity.Absolute accuracy is valuable but not
paramount. Temperature contrasts in the regions of interest range upwards to 5°C.
The usefulness of presently available infra-red imagery is limited partly by intermittent coverage, partly by fuzzy definition of the patterns, and partly by insufficient experience in interpreting the time series. Simultaneous colour images and
sea level measurements would provide significant complementary informatio
substantially simplifying the interpretive processes.
The third type of measurement takes advantage of the availability of high
relative precision (< .25°C) observations of sea surface temperature on high spatial
resolution (a few km) which would, even lf coverage were intermittent, open up new
opportunities for small scale process experiments in the surface layers which are of
considerable long range significance for climate modelling and for the proper calibration and understanding of sampling problems for the sea surface temperature .
measurements themselves , Particularly when combined with colour, they provide a
synoptic flow visualization which can be invaluable in interpreting measurements from
in-situ instruments, and hence improving models of the mixed . layer and near surface
structures such as fronts and upwelling.

"-....,./'

The very high absolute accuracy in sea surface temperature measurements
required for oceanographic purposes -- 0.2 to 0.5°C -- is not to be taken as the
single-look accuracy, but rather one that can be approached through averaging of a
number of single observations over space and time, thereby reducing the random uncorrelated error by the square root of the number of observations. The specifications of accuracy and averaging intervals are thus linked. Although agreement
between various investigators is somewhat difficult to obtain, ' the specifications
for the three types of observations cited above cluster around the following values:

Aw Large Scale Processes
Absolute temperature accuracy:
Spatial averaging interval:
Temporal averaging interval:
Type of data product:

:!: 0.2°C
200-300 km
20-40 days
isotherm contours · in map co-ordinates
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B.

Mesoscale Processes
Absolute temperature accuracy:
Spatial averaging interval:
Temporal averaging interval:
Type of data product:

C.

5-10 km
3.5 days
isotherm contours in map co-ordinates

Small Scale Processes
Absolute temperature accuracy:
Spatial averaging interval:
Temporal averaging interval:
Horizontal gradient accuracy:
Type of data product:

6.3.1

! l.0°C

! 2.0°c
1.0 km
instantaneous
0.5°C/l.O km
gridded images located to ~ 10 km

~~~:~~~~~~~~:=~~:~~~~-~=~-~~:!~::_!:~~=:~!~:=
(1) The present situation is that the operational meteorological agencies
are currently using infra-red radiometers that give a useful accuracy
and spatial resolution for operational needs.
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(2) The measurement requirements for climate research will require better
performance in terms of absolute accuracy and cloud contamination
elimination. The precise requirements of absolute accuracy, and
spatial and temporal resolution will depend on the particular problem.
(3) In order to achieve the best absolute accuracy and ~ecessary spatial
resolution and global coverage there is a clear need for improvements
in infra-red and microwave satellite instruments and systems, for use
in both polar orbiting and geostationary orbits.
A summary of the Sea Surface Temperature Measurement problem is contained in Appendix

4.
6.4

Precipitation and Evaporation

Oceanographic aspects of the WCRP include both longterm monitoring requirements and special determination of precipitation and evaporation·during distinct
ocean-climate experiments. Both types of requirements for precipitation will be
addressed as to their satisfaction using satellite methods f ollowing a brief summary
of the satellite capabilities.
It should be emphasized that it is essential that steady progress be made
on estimating precipitation and evaporation from the present abysmal state of knowledge. Longterm space-time summaries are specially needed. A logical progression
would be improvement first in the detection of frequency of occurrence of precipitation, second is the improved estimation of rate of precipitation, leading finally
to their improved product , namely the instantaneous amount of precipitation.
Several of the methods noted below have demonstrated progress in aspects
of this estimation problem but few have yet been tested beyond the case s tudy stage.
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- 35 Nevertheless, it is highly probable that progress in instantaneous precipitation
estimation will move beyond the present uncertainty of ~ 100%. It is very important
to note that the desired space-time summaries obtained from any instantaneous method
must be concerned with proper sampling of precipitation.
6.4.l
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Table 6.2 separates the oceanic precipitation estimation problem by cloud
type and by precipitation process. Table 6.3 presents some of the scientific studies
that form the basis for Table 6.2 and the following summary.
At the present time it is apparent that estimates of oceanic precipitation
(even frequency of occurence, if not amount):
(a)

require passive microwave measurements (e.g. 1.55 cm) to obtain
global coverage;

(b)

may be determined for convective precipitation from empirical IR
' techniques;

(c)

are optimized for convective precipitation amount determination if
concurrent IR and microwave data are used (to correct the microwave
FOV effects); and

(d)

may be determined in an additional way (using l.6~m reflected radiance)
for "warm" clouds without appreciable ice content.

.......,-'

TABLE 6.2

OCEANIC PRECIPITATION ESTIMATION

Hater

Type/Process
1.6

Convective

W1

(?)

Ice/Hater

x

Snow

x.

Microwave+ 11 ,5µ .m

(same)

(?)

11. 5µ1m

(same)

(?)

l.6 ]. \TI (?}

x

x

..

Strati form
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Microwave

6.4.2

(same)

(?)

~~~~~~~!~!~=~-i~:-~:::~E~!~!~~~-~~!~~~!~~~-i~:_!~=-~~~~

Oceanic climate monitoring and special oceanic experiments in the WCRP
require precipitation and evaporation (see below) estimates for Cage-type heat budget
experiments, to determine a portion of the local water budget (leading perhaps to
indirect · estimates of evaporation on climate) and to keep track of concurrent atmospheric activity over the oceans.

TABLE 6.3

PRESENT OCEANIC PRECIPITATia-J ESTIMATION

SATELLITE DETECTOR

APPLI CAIIOH

A,

MICROWAVE MODELS
F(TB, Teo' F_L>
l, WILHEIT, ET.AL,
')
RAO, ABBOTT, !HEON
Lt
3. ADLER, ET.AL,
~. KIDDER, YONDER HAAR

.-) ,
B,

SAVAGE, WEINMAN

INSTANTANEOUS RAINFALL
AVERAGE OCEANIC RAINFA~L
LATENT HEAT RELEASE IN CYCLONES
DIURNAL RAINFALL CHARACTERISTICS
l~STANTANEOUS RAIN~ALL OVER
LAND

ESMR-5 (6)
ESMR-5
ESMR-5

NIMBUS-6

ESMR.:..6

ESMR-~

CLOUD GROWTH RATE MODELS

I

F(At' dAt/dT)

6. GRIFFITH, WOODLEY,

7.
C,

NIMBUS-5(6)
NIMilUS-5
NH1JUS-5
,..
NIMBUS-:>

ET, AL,
MARTIN, SIKDAR, ET.AL,

!TIME/SPACE INTEGRATED RAIN-.

FALL TOTALS APPLIED TO VARIOUS METEOROLOGIC~L CONDITIONS

I

IATS
SMS/GOES

sscc

I

VJSSR

CLOUD CHARACTERISTICS
MODELS
F (e,ve, T,vr, z,6z, A, cc, sc)

8,
9,
10,
11.

12,

SCHOFIEl D, OLIVER
KILONSKY 1 RAMAGE
CHENG, RODENHUIS
FOLLANSBEE, ET, AL, ·
DARRETT

\

SEVERE RAIN EVENTS
MONTHLY RAINFALL .
INSTAHTANEOUS RAl~FALL
DAILY RAINFALL
DAILY RAIUFALL

(

SMS/GOES
VISSR
NOAA
SR
NOA/\
SR
ATS-3 .
SSCC
i'EPHANALYSES

w
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- 37 During the later 1980's opportunities to obtain precipitation estimates
from satellites carrying passive microwave radiometers will be provided from NOSS,
NOAA, MOS and METEOR. The NOAA, GOES, METEOSAT, METEOR, GMS and INDSAT will provide
independent IR data.
It is recommended that;
(a) the concurrent IR/microwave method to estimate the amount of precipitation be tested over regions covered by digital, calibrated coastal
weather radars, ship radars, or a special raingauge network on ocean
platforms,
(b) the l.6~m method for precipitation estimation from warm clouds be
refined, tested and considered for space experimentation.

--"

During the early 1990's improved precipitation estimates over the ocean
may be available from RADARS on low-flying satellites and from concurrent passive
microwave and INFRA-RED observations from geostationary satellites.
It is recommended that early attention be given to the Research and Development leading to passive microwave and infra-red measurements from geostationary
satellites.

6.4.3
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Non-satellite platforms and methodologies are the primary ways and means
to estimate evaporation from the oceans. Because of the high importance, a few
satellite related approaches are also noted.
Satellite data collection systems have been used to interrogate drifting
and moored buoys (see section 6.9).
Other, indirect methods include estimating the evaporation as a residual
in a local water budget equation (whereby precipitation, water vapour storage and
water vapour advection are estimated from various satellite obse~vations), and
perhaps as a residual in a satellite-based surface energy budget.
"-.../

6.4.4

Oceanic Heat and Water Fluxes

The circulation of freshwater by ocean currents on a global scale makes a
fundamental contribution to the planetary hydrological cycle, just as the heat transport by ocean currents contributes to the planetary heat flux. The oceanic heat and
water circulations are not independent; they are carried by the same system of currents. To the extent that the temperature - salinity distribution in the ocean .,
varies more slowly than the residence times of particle trajectories below the upper
boundary layer, the observed distributions of temperature and salinity le~d to a
specific relationship between the ocean fluxes of latent heat and freshwater (e.g.
P-E) that can provide a useful control on estimates of the planetary hydrological
cycle based solely on measurements of the atmospheric fluxes.
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The latent heat of evaporation provides a similar constraint if the heat
flux through the surface is known. In the upper ocean, significant salinity
anomalies may develop, and it would be desirable to monitor these as temperature
anomalies have been monitored by the NORPAX programme using ships-of-opportunity
equipped with expendable bathythermographs, but expendable probes for salinity
measurement are not yet accurate enough.
6.5

Waves

The SEASAT altimeter demonstrated measurement of RMS wave height to at
least 10% accuracy, though the comparison is complicated by inaccuracies in the
surface measurements. Altimeter range measurements need to be corrected for a mean
surface height bias of about 20% of rms wave height. The percentage used for this
bias, and the possible non-linearity, are uncertain to about ~ 50% so that the determination of rms wave height itself is not a problem, but the range error becomes more
than 10 cm for rms wave heights greater than 1 m. Such high wave conditions are
easily flagged, however. The (approximate) wave correction is calc ulated from the
altimeter data itself and is easily applied.

----

It is recommended that further theoretical and experimental studies be
made to better determine the form of the altimeter range bias caused by sea surface
waves.
Because of the demonstrated accuracy of the satellite measurements, no
requirement for rms wave height measurements by surface platforms is foreseen for
WOCE and Cage.
It is noted that satellite rms wave height measurements provide valuable
wave information, both directly and by input to wave propagation and forecast models.
This use can be improved by suitable coordination of coverage from different satellites.
Wave information can provide a valuable check on the wind stress data,
especially if a directional, spectral wave model is being run using this as input.
It is recommended that this possibility be studied further for application
to both Cage and WOCE.
6.6
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Data Collection and Location Systems (DCL's)

Several satellite systems for Data Collection (DCL's) from moving instrumented platforms like drifting buoys, are now in operation or planned to be in
operation during the 1980's. The question thus arises of making optimal use of
these DCL's for the purpose of collecting a global climate data set from instrumented
ocean buoys and other such platforms.
The most widely accepted DCL is the ARGOS system operated by the French
Space Agency, CNES, under a co-operative agreement between France and the USA. An
ARGOS receiver is or will be on each of the operational meteorological satellites
TIROS-N and NOAA-A through J, thus ensuring continuous operation through the 1980's
without system change. The ARGOS system is the result of a 15-year evolution from

..
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early experimental efforts of both NASA and CNES. One may thus take it as a useful
starting point for discussing the prospects of future DCL's. The following three
major properties are to be considered in this context.
(1) Platform Handling Capacity

"--../

A maximum number of 10,000 platforms evenly distributed over the globe
could be accomodated by the existing ARGOS DCL's. But more significantly
for oceanographic users, the overall number of platforms which may operate
simultaneously within range of the satellite (i.e. within a 2500 km radius)
and still be received without undue interference, should not exceed 300.
Because ARGOS, like other DCL's, is predictated upon time-sharing a~ well
as frequency multiplexing, this simultaneous handling capacity is limited
by the number of independent reception "channels" available at any time.
In effect, each "channel" is materialized on the spacecrafts by one individual frequency-sweeping receiver. One may thus increase the overall
platforms handling capacity only by one of two approaches:
increasing the number of independent "channels" available in the
existing ARGOS frequency bandwidth by including additional receivers
in ARGOS satellite packages.
introducing one or more other DCL's operating in different frequency
ranges within the UHF band set aside for such transmissions.
While the first approach is consistent with one single set of compatible transmitters operating within one frequency bandwidth, the second
approach requires using completely independent and incompatible sets of
ground equipment.
(2) Data Handling Capacity

v

After detailed consideration of the signal to noise performance of lowpower random-access communication links, it was found that the optimal data
rate which best conserve the (limited) energy resources available on a
small platform, is about 400 bps. for transmission in tbe UHF band. Accordingly, the data handling capacity of any DCL similar to ARGOS is determined
by a trade off between the number of messages (i.e. the number of platforms
operating within view of the satellite) and the length . of each message (i.e.
the data which could be transmitted by one platform). The current ARGOS
specification is one message of 40 8-bit words every 60 seconds • . Only about
6 such messages may be safely recorded during one pass of the satellite,
however.
This data handling capacity can be dramatically enhanced only by applying significantly more power and transmitting continuously through a geostationary satellite relay. All three types of geostationary meteorological
satellites, GOES, GMS, and METEOSAT, provide this relay function for several
simultaneous transmissions at a (continuous) data rate of 100 bps.
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(3) Cost Effectiveness
Beyond the demonstration phase of a new experimental DCL when operational costs may be written off against a more general R and D objective,
the cost effectiveness of an operational DCL suitable for on-going application over an extended period of time as required for climate studies must
take into account, on the same footing, the cost and complexity of providing
and operating the space segment and the cost and complexity of ground transmitters. Running an operational DCL is a complex undertaking which requires,
among other things, stabilizing specifications and acceptance procedures for
compatible transmitters (so that a single beacon could not foul the operation of the whole system), providing for timely replacement of the space
equipment, operating a worldwide data acquisition and communication network
for receiving, sorting out and processing platform data and relevant orbital
or tracking information.
The ARGOS operators stress that, at the current usage level of about
(or less than) 1000 new platforms per year, cost effectiveness could not
permit a significant improvement of the existing space segment.

6.6.l
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Two options for improving the performance of the present DCL capability need
to be considered. One would permit a higher data content per transmission and would
involve, for example, utilization of drifting buoys outfitted with either acousticdoppler logs for profiling currents or hydrophones for tracking subsurface floats. The
other option would permit a reduction in the cost per unit for the electronics package
aboard. For example, a one-time pop-up float for which only the initial and final
points of its trajectory are required and for which the cost per unit must be kept to
an absolute minimum in order to allow mass deployment.
Furthermore, deployment of such an improved DCL aboard oceanographic satellites would enhance the evaluation of the performance of a satellite's sensors by
permitting the acquisition of in-situ ,data colocated in space and time within the
satellite's field of view.

6.6.2
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Experiments such as WOCE and Cage will probably depend heavily on the deployment of large numbers (of the order of 300-1000 within one ocean basin) of drifting
buoys of various types. Air-sea fluxes in Cage will probably be measured by such buoys,
and by automatic packages on ships of opportunity, which would also need position.
There will be a strong need to minimize the unit cost of platform hardware, the number
of incompatible positioning systems, and to allow for continually increasing data rates.
Further, the systems will need to be available and reliable on the 5-10 year time scale.
Legal and technical exchange arrangements among countries, among agencies within
countries and within the scientific ·community, will have to be made well in advance of
the experiments themselves.

"-/
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6.6.3
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Present real-time navigation techniques accessible to the oceanographic
community offer either (1) good position-fixing in a continuous mode but only for
limited regions - Loran C and Omega, or (2) excellent position-fixing in a global
mode but only at intermittent times - Transit. With the advent of the US Defense
Department's NAVSTAR Global Positioning System (GPS) in the late 1980's, there exists
an opportunity to significantly improve the navigational capability of oceanographic
ships.
Although access to the high-accuracy channel of GPS is planned to be class- ·
ified, thereby denying absolute position fixing good to on-the-order-of ten meters
and absolute velocity determination good to on-the-order-of a few centimeters a
second, access to the low-accuracy channel is planned to be available with accuracies
degraded by almost an order of magnitude.
The degraded position fixing accuracies appear to be adequate to meet
oceanographic requirements of the WCRP (relocating fixed subsurface instrumentation,
for example); the degraded velocity determination accuracies, however, are . not
adequate. This is particularly needed in the case of utilizing acoustic-doppler
logs aboard an underway ship in order to estimate the vertical profile of the horizontal current velocity in the upper few 100 meters of the ocean. The log only gives
current profiles relative to the ship; the absolute ship velocity must be known in
order to translate the relative profiles from the log into absolute profiles. There
exists a need to explore ways of utilizing the high-accuracy channel of GPS to obtain
the absolute velocity of a ship as accurately as possible. There also exists the ·
need to explore cheap,light GPS receivers for use on drifting buoys.

6.6.4
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The meeting recognized, on the one hand, the advantage of relying on a
proven operational data collection and location system guaranteed to operate for at
least a significant fraction (i.e. 10 years) of the presently conceivable climate
data acquisition programme. It is important that on going operation could be pursued
without introducing significant system changes or comprising the compatibility of
existing ground equipment.
The meeting saw, on the other hand, the value of exploring, by further
technical developments, the full range of applications of space-based data collection
and location systems to environmental monitoring problems and especially climate data
acquisition. It is therefore also important that possible avenues for increasing .
the performance and/or cost effectiveness of such systems, be explored.
The meeting also believes that providing, when and if needed, for an orderly
transition from the existing operational DCL's to a more advanced version is a major
concern if the growing interest and involvement of the user community is to be preserved. The meeting recognized that a basic DCL change also has significant economic
as well as technical impact and should therefore be a well thought of move by all
interested parties.
It is recommended that, as a first step toward international co-ordination,
the satellite operators activily engaged in the implementation of Datq Collection and
Location Systems undertake to co-ordinate their design specifications and compare
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6.7

Ice

Information on the extent, movement and characteristics of the sea ice
cover in the polar regions, and the topography of permanent ice fields and glaciers
from which the rate of accumulation or ablation of ice can be determined, will be
observed from satellites during the 1985-1995 period. Such data, although not
directly related to the presently planned major oceanographic programmes under the
WCRP, are never-the-less potentially important to climatic studies and their future
contribution is recognized.
6.8

Radiation Budget

Measurements of the earth's planetary radiation budget (at the "top of the
atmosphere") or the radiation budget at the ocean surface, are greatly facilitated by
use of the new satellite observations.

·~

The planetary budget as F (x,y,t) provides a boundary condition and point
of reference for required energy transport by the atmosphere and oceans. At the
surface the imbalance between absorbed solar energy and emitted thermal infra-red
energy affects the remaining terms in the ocean surface energy budget, namely evaporation, sensible heat exchange, storage and ocean energy transport . On a global scale, .
over the ocean basins, and for the specific ocean climate experiments the radiation
budget measurements and estimates are required with various accuracies (see Cage,
section 4.1).
Measurements of the radiation budget components: the direct solar energy;
the reflected and scattered solar energy and the emitted infrared energy are obtained
by stable, high accuracy and precision radiometers. ERBE, for example, uses active
cavity detectors, the most accurate sensors yet devised to measure radiant power.
Systems of satellites (3 for ERBE, augmented by 5 geostationary) are used to obtain
proper space/time sampling of the desired earth-atmosphere volume.
During 90 days of the 1974 GATE experiment, 2 satellites were used (one of
them geostationary) to obtain the planetary radiation budget over a portion of the
tropical Atlantic each hour to ! 10/Wm2. For MONEX in 1979, similar research is
underway using improved satellite data. The new ERBE in 1984-86 is designed to reduce the uncertainty to 5W/m2,
Estimates of the surface budget are more difficult, yet definitely improved
today over the empirical approximations still quoted in atlases and articles. Again
using the satellite radiation measurement s , methods have been demonstrated to estimate
the solar energy incident on the surface. These estimates have been checked by
measurements over land and over ocean ships. Results show uncertainties of ~ 10%
for monthly means and depending on cloud conditions, often that food for daily averages.
The net infra-red radiation at the ocean surface was found in GATE to be
nearly constant, ~ 10 W/m2 regardless of changing cloud conditions. This new extensive data set affirmed the "supergreenhouse'' situation anticipated by some for the
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- 43 tropical one-half of the world. At higher latitudes, the downward thermal radiation
is more dependent on the difference in temperature between cloud base and the ocean
surface.
It is recommended that studies of the parameterization of downward infrared radiation at high latitudes be carried out using satellite observables (e.g.
clouds, cloud top temperature, liquid water, water vapour and surface temperature)
and checked with accurate surface observations of the t ype provided by the Joint
Air-Sea Interaction Experiment (JASIN).
6.9
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Buoys

Large moored buoys can provide a wide variety of ocean data but are expensive
to build, deploy (at about $1,000,000 each) and service. A network of expendable
buoys demonstrated their value in FGGE where 300 buoys provided coverage of the southern oceans (south of 20°S) in such a way that 60% of the area -was within 500 km of a
buoy locati~n for an eleven month period. Total cost of the buoys was $2,000,000 with
an additional $8,000,000 spent on deployment. Position computation and data distribution costs were about $1,000,000 per year for the ARGOS system.
Data was collected from FGGE buoys at 6 to 12 hour intervals (single satellite ARGOS System) with the following accuracy:
Position:

l km

Surface barometric pressure

l mb

Surface water temperature
(at lm depth)

.5°C

Time of observation

l second

In principle, a drifting buoy can measure:

..._.t'

1.

Air pressure (to .5 mb), limited by drift and cost of instrument

2.

Water temperature (to .1°C)

3.

Air temperat~re (to . 2°C)

4.

Air-sea

5.

Humidity

6.

Water temperature at depth to 100 M (to 0.1°C)

7.

Wind speed

(?)

low level, mechanically fragile. Needed
for radiation, air temperature, rainfall and humidity measurements

8.

Wind di rection

(?)

compass required

9.

Radiat i on

(?)

heating or cooling of horizontal surface, wind and salt dependent

Rainfall rate

(?)

10.

T

(to .25°C)
(?)

~

pro bl em wi•th sa lt b ui· 1d up an d b uoy
heating at low winds
wet bulb should be relatively easy

The feasibility of 1-8 in the above list has been demonstrated.
marks indicate uncertain accuracy or feasibility.

Question
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6.9.l
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The Cage experiment requires measurements of water surface temperature,
air temperature, air-sea temperature difference, humidity, wind velocity, net radiation and rainfall rate. Data are needed daily for sea surface temperature, but more
frequently for the remaining parameters. By analogy with FGGE, 300 buoys would provide coverage such that 60% of the Cage area would be within 200 km of a buoy location.
Buoy lifetime can probably be extended over that achieved during FGGE by using larger
battery packs.
Existing technology is probably adequate for sea surface temperature,
pressure and wet bulb air temperature, but improvements are needed in the measurement
of radiation, wind speed, humidity and air-sea temperature difference. The latter
two depend on accurate dry bulb temperature with the effects of deliquescent salt
removed. Salt deposition also affects radiation measurements.
The WOCE will require atmospheric pressure at a rate and accuracy similar
to that required in FGGE by national forecasting agencies. This is within present
buoy capability. Surface flux data similar to that for Cage will also be useful for
WOCE. About 500 buoys may be required world wide. Water movements deduced from WOCE
could be checked directly using "pop-up'' buoys which remain at a predetermined depth
for a period of a month or so between s atellite positionings on the surface.
~
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Both Cage and WOCE will require instrumented sites for remote sensor validation and intercomparison. These could be served by large buoys already in place.
It is recommended that:
(a)

Sensors be developed to give accurate radiation, wind speed
and air dry bulb temperature measurements for use on small
drifting buoys

(b)

Drifting buoy data be made as standard as possible. · Ideally
identical instrument packages should be carried by all buoys,
and the data base should be stored in a standard - format.
'-.. /

7.

TENTATIVE STRATEGY FOR THE DESIGN OF THE FUTURE SPACE BASED OBSERVING
SYSTEM NEEDED FOR THE OCEANOGRAPHIC PROGRAMMES OF THE WCRP

7.1

The Cage Experiment

The Cage heat budget study will involve measurements of incoming and outgoing radiation both at the top of the atmosphere and the sea surface, radiosonde
measurements of wind speed, air temperatures and moisture content, measurements at
the sea surface of wind velocity, air-sea temperature difference, air moisture content, measurement of the depth, oceanic temperature integrated from the surface to
the main thermocline, of the elevation of the sea surface on scales of 100 - 5000 km,
of the mean t ransport and thermal structure of the Florida Current, of the vertical
density stru c ture of the ocean on the 24°N and 60°N zonal sides of the oceanic box,
and of the mean value and rate of horizontal dispersion of the barotropic current
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field in the ocean basin, on scales of 100 - 5000 km. The mea~urements will be
assembled into monthly averages, when possible; the oceanographic measurements may,
in many cases, only be taken once per season or once per year. The expected time
duration of Cage is about five years.
The measurements will be incorporated into atmospheric, oceanographic, and
combined models, both for diagnostic and for prognostic purposes. A number ' of preCage validation experiments are proposed, and whenever possible, redundant measurements will be intercompared during the experiment. The techniques which prove themselves in the North Atlantic Cage experiment may then be employed in other ocean
regions.
7.1.l

._./

Radiation

The most important satellite measurements for Cage will be of radiation at
the top and bottom of the atmosphere. The goal is to achieve an overall accuracy of
better than + 10 W/m2 in the annual mean radiation budget. This is felt to be possible in the ~ase of the net radiation at the top of the atmosphere, assuming that
diurnal biases and directionality difficulties with present systems can be overcome
during the 2-year ERBE programme.
It is recommended that an experiment of the ERBE type be continued throughout the Cage period (1985-1990).
This would permit Cage accuracy goals to be attained for the top-of-theatmosphere flux. At the bottom of the atmosphere, satellite-derived radiation fluxes
must, prior to and during Cage, be carefully compared with in-situ measurements and
estimates from ship-of-opportunity and buo~ measurements using the Budyko technique.
It will be difficult to reach the ± 10 W/m accuracy level for bottom-of-the-atmosphere radiation measurements; satellite techniques like those of Gautier, Diak and
Mass (JAM, 19, 1980), if carefully calibrated prior to the experiment, would increase
the data ba~ (and the chance of success) by a significant amount. For further
recommendations the reader is referred to COSPAR (1978), the Report on a Preliminary
Discussion on International Coordination of Earth Radiation Budget. Experiments.

_,

7.1.2

~!~~~£~=~~=-~~~~~!~~~

Satellite soundings of atmospheric properties (U, T, q) on the atmospheric
sides of the Cage cannot, at the moment, approach the accuracy requirements placed
by such an experiment on the radiosonde network, the errors being typically one order
of magnitude greater. (Cross-ocean average differences of less than l m/sec, 0.2°C,
and 10% are needed). An examination of the accuracy of atmospheric temperatures
derived from TIROS-N soundings has been made by Phillips et al (1979) ·. The general
conclusion is that rms differences from radiosonde measurements of 2K . or somewhat '
better (l.5K in the Tropics) are typical. However, since satellites give consistent
measurements over an area, they can provide accurate measurements of horizontal
temperature gradients.
It - is recommended that the possibility be explored of using satellite
soundings to ' calibrate cross-ocean differences in the radiosonde.

- 46 This is especially true if the satellite track is over a cloud-free area.
Where the radiosonde network is sparse and the heat flux divergences small, the
satellite soundings will be used in conjunction with global weather forecast models
to provide missing data. Accuracy requirements cannot be specified accurately at
present, but the estimates provided in paragraph 4.1.l are ~ 2°K, 2 m/sec and 30% for
satellite soundings of wind speed, air temperature, and mixing ratio. The satellite
soundings are at present corrected in-situ to radiosonde data, and their information
on the structure of the atmosphere used to "fill in" gaps between radiosonde stations.
Because of the crucial significance to the Cage atmospheric heat flux · budget of crossocean differences in the radiosonde soundings, the above-mentioned recommendation on
using selected satellite soundings to intercompare the radiosonde networks should be
actively pursued, particularly in the North Atlantic region.
References:
Phillips, N., McMillin, L. Gruber, A. and Wa rk, D., 1979:
An evaluation of early operational temperature soundings from
TIROS-N Bulletin of the American Met.Soc., 60. 1188-1197

7 .1.3
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The Air-Sea Fluxes

The most promising satellite-derived parameter for measuring the air-sea
fluxes is scatterometer derived wind velocity. The curl of the wind stress, vectoraveraged over 2° squares and sampled at least once every two days is required to
compute the oceanic Ekman transport over the Cage area. The wind speed appears in
the bulk parameterization formulae for sensible and latent heat fluxes. It is thought
that SEASAT-like accuracy (± 2 m/sec, ± 20° scatter with no known bias, averaged over
a 25 km square) would suffice, when averaged over one month and 120 km squares to meet
the wind velocity accuracy requirements of Cage, that is, ± lm/sec and± 10°. The
principal need is to ensure that such satellite coverage is available, and fully
calibrated, prior to and during the Cage period. This will mean pre-Cage pilot intercomparisons, and continuing comparisons with in-situ surface wind speed measurements. ·
The effect of diurnal bias will need to be investigated for sun-synchronous satellites.
It is recommended that the potentialities of using passive microwave radiometers like the NOSS LAMMR to augment the scatterometer wind speed data and extend
it to very high wind speeds be fully investigated, by comparing in a variety of conditions the SEASAT SMMR data set with in-situ data from ships and buoys.
Satellite measurements of air temperature in the surface layer or of airsea temperature difference do not at present appear feasible. Both parameters will
be required for a Cage experiment, the first as a bottom boundary condition for atmospheric models, and for the latent heat flux (to compute the mixing ratio of the air
in immediate contact with the sea surface) and the second for the sensible heat flux.
It is recommended that satellite agencies continue their efforts to develop
suitable methods of measuring sea surface temperature and air-sea temperature difference, using the quoted Cage accuracy requirements as suitable goals.

'-./

- 47 Satellite requirements of atmospheric mixing ratio in the surface layer
appear well beyond present capabilities. Yet large-scale, accurate measurements of
the evaporative heat flux over the ocean are crucial to the success of the Cage
experiment, and are at the present time only poorly measurable. Of all the ·remotelysensed parameters not at the moment in the inventories of the space agencies, surface
mixing ratio is the most deserving of development support from the point of view of
the Cage experiment.
It is recommended that the space agencies continue or enhance their support
of sensor development for surface air humidity measurements.

7.1.4
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Oceanic Measurements

An im~ortant satellite measurement for the oceanic part of 'Cage is sea
surface elevation, as determined by the radar altimeter. The requirements for Cage
are essentially identical with those of WOCE: a TOPEX-like programme which will
provide reference velocities across the ocean basin. Such measurements would be used
in conjunction with hydrographic data to allow computation of the oceanic heat flux
divergences across various boundaries of the Cage.
Since TOPEX wiil not cover the northern boundary with full accuracy, it is
felt by the Cage Working Group that an altimeter programme which provides additional
surface elevation information at 60°N (sufficient, say, to resolve, a transport of
± 5 x 106 m3/sec over distances of 1000 km), would be of great value. Combinations
of data from the NOSS, MOS-II and ERS-1 altimeters may be sufficient.

'
It is recommended that plans for using altimetry by Cage and by other
climate-related experiments be made known to all the satellite agencies as soon as
they have been formulated.
'

7.2

The World Ocean Circulation Experiment (WOCE)

The availability of an altimetric satellite system in the late 1980's and
the possibility of measuring the windstress and its curl from spa~e coupled with
appropriate in-situ measurement programmes (sensible systematic hydrographic surveys
by ships, floats current meters) suggest that oceanographers could for the first time
deduce the climatic state of the ocean - The General Circulation.
A major component of WOCE would be a near-global shipboard density and
chemistry measuring programme having several goals. It would provide a baseline
census of the temperature and salinity of the ocean in the present epoch for comparison with future censuses to deduce major long-term climatological changes. In
addition it would measure the tritium and other tracer distributions for study of
the large scale property distribution of the sea. In the TOPEX (altimetric) context
there are two direct connections. In any given ocean basin it would provide the
hydrography to accompany the determination of the surface geostrophic flow allowing
the first direct determination of the absolute geostrophic general circulation of the
ocean. In addition, because ships can only cover the world oceans sequentially, the
altimeter would provide a measure of the inter-basin variability on the annual and '
interannual time scales so as to permit an understanding of the representativeness of
any survey of an ocean at a particular time. It is anticipated that many purely

- 50 (iii) arranging for intercomparison of instruments and exchange of data
along the lines indicated in Section 7.5
(c) Recognising that at the end of the 1980's plans currently being formulated by Japan and the USSR may be realized and a number of satellites
making oceanographic measurements will be simultaneously in orbit, that
close coordination between the different space agencies be arranged so that
the best overall scientific return be realized.
(d) Realizing that a number of satellites flying radar altimeters contributing to oceanographic experiments are likely to be launched in the late
1980's, and that accurate tracking of these satellites will be required,
that means for standardization of tracking equipment and procedures be
developed so that those contributing will be able to track the different
satellites carrying altimeters irrespective to agency of origin.
(e) that a study be carried out of the coverage in space and time which can
result from different satellite systems carrying instruments making oceanographic measurements with a view to providing information which will ·enable
the timing, and the orbital parameters of future missions to be optimized.

....

__

(f) Considering that it would be desirable that the Japanese. MOS Series of
satellites be flown consecutively during the 1985-1990 period for WCRP
oceanography purposes, that the Government of Japan consider launching
MOS-3 prior to 1991.
7.5

Exchange and Compat bility of Satellite Data

The next generation of oceanographic satellites will generate very large
quantities of data spread through many nations and agencies within the nations. For
the WCRP it is essential that these data be relevant, that they be assimilated from
these diverse systems in a coherent manner, and that researchers and operational
forecasters be trained in their use.
7.5.1
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It will be difficult, for obvious practical r ea sons, to effect frequent
changes in operational data processing routines to take a dvantage of the latest
advances obtained by scientific groups processing the same type of data in a research
environment. The meeting considered, nevertheless, that a ready and efficient communication between professional groups in charge of operational processing and corresponding research groups is essential to give interested scientists a proper understanding of instrumental performances and constraints; and to give professional staffs
in charge of routine processing a direct view of novel ideas and current state-of-theart. For the purpose of establishing this relationship:
It is recommended that Space Agencies engaged in the development of earth
observation satellites take the initiative and invite active participation of competent research scientists in the preparatory studies for each new instrument.
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It is essential that the relevant information be distilled from the diverse
satellite systems in a coherent manner which recognizes:
(i)

the global nature of the climate system

(ii)

the fundamental requirements for the calibration and intercomparison
of systems measuring similar or related variables

(iii) the probable need for progressive algorithm development and substantial data reprocessing where necessary
(iv)

the need to capture and make available to others the increases in
information content contributed by individual users. Such increases
may arise simply by the assembly and selection of particularly useful data subsets, or from assessments of measurements and criteria
for quality control, or from higher level analysis designed for
particular purposes but suitable for wider application. They lead
to da t a sets which will frequently be preferred by subsequent users
over the more voluminous archives of last resort and it is essential
that for systematic acquisition (subject to intelligent judgement)
of the more broadly useful of such intermediate products, for cataloging them and for making them available throughout the international
community.

'-"'

A number of important recommendations on data needs are contained in the
November 1980 COSPAR report, Space-Based Observations in the 1980s and 1990s for
Climate Research: A Planning Strategy. In addition,
It is recommended that:
(a) Where similar instruments are planned to be flown by different nations,
international working groups be established under the aegis of JSC/CCCO to
exchange information and to make recommendations
(i)

on procedures for instrument calibration and comparison with
in-situ measurements necessary for climate purposes

(ii)

on practical approaches to intercomparison between different
satellite borne systems

'-...,./

(iii)

on procedures for the exchange of data and relevant information
to ensure the highest quality and consistent coverage of the final
data sets

(iv)

on procedures for acquiring supplementary information (e . g. from
other instruments flown on the same satellites) necessary for the
proper reduction or interpretation of the primary data

(b) Considering the global nature of the WCRP oceanographic projects and
that relevant data must be available for all scientists, agencies create
convenient mechanisms for assessing these data, and for their compatibility
and intercomparison

- 52 (c) That the JSC/CCCO ensure that relevant international bodies, such as
hMO, IOC, ICSU and UNEP take into account existing data exchange
systems when planning the data exchange mechanism for the WCRP.

7.5.3
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At present there are few researchers worldwide who are skilled in the use
of satellite data in ocean research. Until very recently, much of the oceanographic
research community looked with considerable 5epticism upon the satellite information.
Frequently their training only poorly equipped them to understand remote measurement
processes, and the quality of the data discouraged many of them from learning about
them. The success of the recent satellite systems, however, seems to be partially
overcoming this.
If the full value of satellite-derived data is to be achieved, it is essential that the process of training researchers in their use starts immediately. This
·will take several years, most likely during graduate education. Thus graduate level
curricula in oceanography and remote sensing which will attract teachers and graduate
students should be established.

---.,'

There is also evolving a need for oceanographic forecasters who are adept
at using and interpreting all kinds of oceanic data and producing the analog to
weather forecasts. Not only is there no orderly curricula for training these personnel, but there are very few teachers who would be capable of designing and implementing
the training.
It is recommended that curricula for training researchers, teachers and
forecasters in the use of satellites in oceanographic research and prediction should
be established as a high-priority item. An international effort in this regard would
be useful.
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atmospheric water vapour
detection of precipitation
SCATTEROMETER
(wind and
wave scatt.)

SAR
(wave mode and
imaging mode)

wind speed
wind direction
wavelength (gravity waves)
wave direction (gravity waves)
high resolution imagery if a
SAR mode is incorporated

for

2 FS-type

wavelength (gravity waves)
wave direction (gravity wa ves)

/ .

ice cover
internal wave detection
all-weather high-resolution
image products
altitude, backscatter coefficient dO,
pulse spread

ALTIMETER
(+ High Accuracy
satellite positioning HASP

OCM
(ocean colour
monitor)

sea state (significant wave height)
wind speed
ice cover
detection of precipitation
ocean surface topography (currents, tides)
marine geoid ... ) if HASP is provided
ice sheets topography (height changes, slopes)
chlorophyll detection and concentration
yellow substance
turbidity
sea surface temperature

The preferred payload configurations presently consists of the Scatterometer
(wind and waves), SAR (wave and imagery mode), Altimeter (without the HASP) and the OCM.
Specification of ERS-1
Baseline Orbit:
•
•

_

Sun-synchronous, circular, 675 km altitude
Local time: 11 .30 hrs. at 45° latitude North

".._/
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•

Repetition rate = 3 days

Platform:
Standard bus platform of the type used for the French SPOT programme
Additional Features:
•
•
•
•
t
\.____,

Instrument data telemetry system (IDTS)
Fine Attitude Measurement system (FAMS) (if required)
Data collection system (DCS)
Direct read-out capability to ground stations at X-band
On board recording capability for low data rate instruments

Remote Sensing Preparatory Programme
The Remote Sensing Preparatory Programme, approved by the ESA Member States in
early 1979, provides a source of funding and access to ongoing national activities aimed
at initiating the development of critical optical and microwave payload elements. Examples
of the technological developments being undertaken include:
-

radar components, antenna structure, high speed converters, stable
oscillator, tube power supplies, etc. for the active and passive microwave instruments;

- detectors (visible and near-IR), CCD/TDI arrays, scanning mechanisms,
coolers, calibration methods, etc. for the optical instruments;
-

~

high speed multimeters, SAR processors associated with both onboard and
ground based data management.

The Remote Sensing Preparatory Programme will be carried out over a period of 2
years (March 1979 - March 1981). A budget of 10 ~1AU (*)has been allotted to the prograITTTie,
together with important national "contributions-in-kind" from France and Germany covering
elements associated with the common satellite platform and the SAR.
Satellite Development Milestones
It is proposed that both the ERS-1 amd ERS-2 satellites would use a common bus
satellite platform (provision of power, attitude and orbit control, basic structure)
derived from the National French SPOT programme, and that both would require complex but
very different sensor payloads comprising an optimum mix of optical and microwave imaging
sensors, plus standard capabilities, in particular the interrogation (and in certain cases
location) of surface or near surface instrumented platforms.
The development schedule for the ERS-1 programme indicated above is expected to be:
(i)

Approval by ESA Member States of ERS-I programme (phase B) in 1981

(ii)

Carry out ERS-1 phase B studies (detailed systems design) ·in 1982

* Millions of accounting units: l MAU= 1,234$ (1979 exchange rate)
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(iii ) Approval and start of ERS-1 phases C/D in early 1983 (development and
manufacture of the spacecraft plus the setting up of an adequate ground
segment for the acquisition, processing and dissemination of data and
information)
(iv)Launch and operation in orbit of the first European satellite (ERS-1) in
the 1986 time frame. A second flight unit of ERS-1 may be launched three
years later (1989) to ensure continuous operation over a period of 5 to 6
years.
The time schedule for ERS-2 would be similar to that proposed for ERS-1 except
shifted by about 2 years, leading therefore to a launch around 1988/89 and again possibly
the launch of a second flight unit of ERS-2 three years later in the 1991/92 time period "
B.

A TENTATIVE JAPANESE SATELLITE PLAN RELEVANT TO THE WCRP

__ ,

The Marine Observation Satellite (MOS) Programme

I

In order to obtain future observations concerned with basic ocean dynamics and
meteorology, the Japanese Space Activities Commission, the organiz?tion which establishes
space .policy in Japan, is planning for the Marine Observation Satellites summarized in the
following table. The Earth Observation Satellites . were recommended by the Remote Sensing
Promotion Council in 1978, which is an advisory committee for the Science and Technology
Agency of Japan.

Name
Marine
Observation
Satellite
(MOS-1)

Launching

1985

Main Purposes

Specifications

Observations of colours 01
weight/
sea water (detecting polc. 750 kg
ution, rip currents, red
tide and observations of
orbit/altitude
fishing grounds)
c. 900 km
Observation of sea surfacE sun synchronons
temperature
Vegetation research
Establishment of land
observation technique,
such as detection of
resouces

Main Sensors
Visible/infra-red
(near) radiometer
Visible/infra-red
(far) radiometer
Microwave radiometer
DCS

MOS-2

expected in Observations of ocean
dynamics (surface wind,
l 985(FY)
height of wave, ocean
geoid, currents, ocean
circulation, tides)

orbit/
not sun
synchronons

microwave altimeter
scatterometer,
radiometer
DCS

MOS-3

expected in Mission of MOS-2 plus
images of all kinds of
1989 (FY)
weather

orbit/
not sun
synchronons

mission of MOS-2
added by Synthetic
Aperture Radar and
visible-infra-red
radiometer
DCS

, _./
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The Geostationary Meteorological Satellite-2 to Watch the World Weather Variation
For the World Weather Watch (WWW) programme planned by the WMO, the Japanese
Government will provide a meteorological satellite. The Geostationary '1eteorological
Satellite-2 (GMS-2), is supported by the Japan Meteorological Agency (JMA) and will respond
to the needs of the Global Atmospheric Research programme and WWW.
Name

Launching

GMS-2

in 1981

...._/

v

Main Purposes

Specifications

Weather watch by VISSR
geosynchronons
Collection of weather data on the equator
Distribution of weather date at 140° E
Monitoring of Solar
particles

Main Sensors
VISSR
DCS
HR-FAX TR
LR-FAX TR
SEM

·study Plan Utilizing the Satellites in Accordance with the WCRP Study
The utilization plans of the satellites in the studies of climate changes can
be roughly illustrated by the following three items, as the preparatory steps:
Formation of the International Utilization Plan of the Satellites in WCRP

(a)

rTans--------------------------------------------------------------------

The meeting of JSC/CCCO will provide the international cooperation programmes.
Er2~2!!2~_2!_!b§_Q§~§!2e~§~!_E!~~?_!~-~~E~~-~2~E§r~§~-~!!b_!b~-~~r!~~

(b)

Observation Satellites

At the present time, the launchings of NOS-1 and G~S-2 have been decided upon by
the Japanese Space Activities Commission, but launchings from and after MOS-2
have not yet been decided.
E2r~~!i2~_2!_~22e§r~!!~§-~!!!!~~!!2~_E!~~?_2!_!b§_Q~?~r~~!!2~~!-Q~!~
Q~!~!~§~_!r2~-~~r!~§-~~~-~§!§2r2!29!E~!-~~!~!!!!§?_2f_Q!b~r-~2~~!r!§?

(c)

Cooperation relating to the hardware is important in this respect.
As the above preparatory steps are put into operation, studies must be started
for widening the application of the data to the studies of the WCRP.

l

,,.

l.

The data measured by the micro wave sensors of SEASAT are available
for the development .of analytic algorithms.

2.

Study on Ocean Monitoring Data Collection Systems
It was proved by the ARGOS system that the location and data collection
system (LDCS) was useful for oceanographic research. The Japanese plan
concerned with the development and utilization of LDCS is now continuing.
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3.

Application of Available Data to the Study of WCRP
These are the study plans now proposed as the utilization of the
satellite data for the purpose of the WCRP study .plans.
(a)
(b)
(c)
(d)

C.

Distribution and variation of the heat budget in the North Pacific
Ocean using the IR images.
Meandering of the Kuroshio using IR images.
Mesoscale eddy distribution and variation in the Kuroshio
Extension using IR images and altimeter data of SEASAT (September,
1978).
Variability of mass transport in the Kuroshio using the IR images
and altimeter data of SEASAT and GEOS-3.

·.
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SATELLITE PROGRAMMES OF THE USA
Oceanic Satellites

Four flight projects are planned for the 1980 1 s: National Oceanic Satellite
System (NOSS), Topography Experiment (TOPEX), Gravity Satellite (GRAVSAT), and a Synthetic
Aperature Radar (SAR) Satellite.
NOSS is designed to provide a limited operational demonstrat _ion of the utility
of viewing the oceans from space, and as such it will provide an observing capability for
surface winds, waves, temperature, colour, ice cover, and currents. In addition, it will
help address two research objectives: the scatterometer-derived surface stress will be
in-situ current observations to study the wind-driven circulation, and the colour-scannerderived chlorophyll concentrations will be utilized with appropriate in-situ observations
to study the relation of phytoplankton productivity to oceanic variability and other
elements of the food chain.
TOPEX and GRAVSAT are designed as research missions whereby TOPEX/altimeterderived surface topography, GRAVSAT-derived geoid, and ship-derived gravity and hydrographic
data will be combined with other appropriate in-situ observations to study the geostrophic
circulation.
The SAR mission · is being designed to provide a capability to obtain images of the
surface of the ocean and land. In particular, images of sea ice will be utilized with insitu wind and current observations to study the response of sea ice to wind/current forcing.
A joint mission is being negotiated between Canada and the USA.
In addition to these four missions, work is underway to explore improved techniques for providing in-situ information - both for the evaluation of the performance of
overall satellite observing systems and for the provision of subsurface information to
complement the satellite derived two-dimensional surface data. Work is also underway to
explore the provision of improved facilities for the collection and integration of various
satellite and in-situ data, their condensation and archiving, and their distribution to and
analysis by various users.
For more information, the following report: "NASA Oceanic Processes Programme
Status Report for FY-1980" (Technical Memorandum 90233) is available from NASA Headquarters
(EBC-8), Washington, DC 20546, USA.

i
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Meteorological Satellites (Ocean-Related)
Three flight projects are planned for this decade: the Earth Radiation Budget
Experiment (ERBE), the National Oceanic and Atmo spheri c Adrain stration (NOAA) series of
operational polar-orbiting meteorological satellites, and Geostationary Operational Environmental Satellites (GOES}.

.._/

The NOAA series, beginning with the initial satellite TIROS-N, consists of
approximately ten satellites planned for this decade. Two are operational and in orbit at
any given time (870 km altitude, 98.9° inclination, one with a 07:30 a.m. descending
Equatorial crossing time, and the other a 14:30 p.m. descending crossing time). Each
satellite carries: (I) an Advanced Very-High Resolution Radiometer, (2) an atmospheric
profiling unit consisting of a High Resolution Infra-red Sounder, Stratospheric Sounding
Unit (provided by the UK), and Microwave Sounding Unit, (3) a Space Environment Monitor for
solar flux, (4) an ARGOS Data Collection System (provided by France), and (5) an Automatic
Picture Transmission unit. Beginning with NOAA-E, each will carry a Search and Rescue unit;
beginning with NOAA-F, each will carry an Earth Radiation Budget unit.
The GOES series consists of approximately eight satellites planned for this
decade. T1~0 are operational and in orbit at any given time (36,000 km altitude above the
Equator, one at 75°W, and the other at 135°W). Each satellite carries: (T) a Space
Environment Monitor, (2) a Weather Facsimile Unit, and (3) a Visible and Infra-red SpinScan Radiometer (VISSR, a 12-channel sounder). Beginning with GOES-D, each will carry a
VISSR Atmospheric sounder (VAS) in place of _the VISSIR. The VAS will aid a multi spectral
imaging capability to that offered.
Earth Radiation Budget Experiment ·(ERBE)
An approved programme of NASA and NOAA and other scientists will use a system
of three satellites in the 1984-86 time frame to measure the Earth's radiation budget.
including the total energy output of the Sun. The experiment is part of the Radiation and
Cloud portion of the U.S. Climate Programme. Its scientific objectives focus on verification of climate models, cloud-radiation-circulation feedback studies and inference of
ocean energy transports.

.._/

D.

SATELLITE PROGRAMMES OF THE USSR
Meteor-2 Improved Operational Meteorological Satellite System

The Soviet ~eteor-2 satellites arc launched into a near-polar orbiting satellite
at a height of 900 km with an inclination of 81° and a period of revolution of 102 minutes.
Their operational purpose is:
To obtain world-wide data relating to the distribution of cloud, snow and
ice cover, radiation temperature of the underlying surface and the height of
cloud tops, on an operational basis;
To obtain on an operational basis regional data on cloud distribution;
To obtain on an experimental basis world-wide data on vertical
distribution;

te~per a ture

To observe fluxes of penetrating radiation inspacenear
Meteor-2 is equipped with a scanning telephotometer for automatic picture trans-
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mission in the visible band of t he spectrum (0.5-07µ) giving a coverage of 2600 km, with a
resolution of 2 km; a t elevision-type scanner (spectral range 0.5-0.7µ) giving a ground
coverage of 2200 km with a resolution of l km; an IR scanning radiometer (spectral range
8-12~) giving a coverag e of 2600 km with a resolution of 8 km in the nadir;
an eight-channel
IR scanning radiometer giving a ground coverage of l ,OOO km with an angular resolution of
2° (installed on some Meteor-2 satellites); and a penetrating radiation radiometer.
Thus far six Meteor-2 satellites have been launched. The characteristics of the
Meteor-2 type system will be improved during the period 1981-1990 in order to increase the
usefulness of the information obtained.
Meteor Experimental Meteorological Satellites
The purpose of these satellites is as follows:
- To obtain multi-zonal pictures of cloud and of the underlying surface over
limited areas of the Earth and Ocean;
- To obtain data relating to the spatial distribution of areas of precipitation,
the total water-content of clouds, the position of the limit of ice cover and
the compactness of the ice;

-.
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To obtain data on the total moisture content in the atmosphere;
- To obtain data on the temperature of the underlying surface;
To measure reflected radiation and its polarized component in order to determine
the cloud phase composition;
- To measure the intensity of corpuscular radiation fluxes.
Meteor-18 and Meteor-25 were launched at a height of 900 km with an inclination
of 81°; Meteor-28 and the subsequent satellites in this series were launched on a sunsynchronous orbit at a height of 600 km. Their sensing equipment comprises:
- Four-channel television scanner
Spectral intervals:
0.5-0.6 µ
0.6-0.7 µ
0.7-0.8 µ
0.8-1. 1 µ
Coverage of 1800 km with resolution of 600 m in the nadir
- Two-channel television-type scanning equipment
Spectral intervals:
0.5-0-7 J1
0.7-1.1 )1
Coverage of 1200 km (with height of orbit 600 km) and resolution of 250 m in
the nadir
- Microwave radiometers

i
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- Four-channel spectrometer measuring the intensity of corpuscular radiation
fluxes
Scanning IR radiometer for slant sounding, measuring radiant heat in the
upper atmosphere
- Automatic Picture Transmission (APT) (not all satellites)
Geostationary Operational Meteorological Satellite (GOMS)
The Soviet Geostationary Meteorological Satellite will be launched into orbit
at a height of about 36,000 km over the Equator at 70°E. The purpose of GOMS is:
- To obtain data on the cloud distribution at equatorial and middle latitudes
on the light and dark sides of the Earth
- To obtain data on wind speed and direction at 2-3 levels
_,'

To collect data from observing platforms (including international platforms)
- To disseminate cloud pictures, actual and forecast weather charts on a
regional and international basis
- To obtain Sea Surface Temperature.
GOMS will carry:
- Television-type scanner (visible band of the spectrum), resolution 2-4 km
- Infra-red scanner (in the transparency window 8-12µ), resolution about 12 km
- Transceiver equipment, receiver-transmitter.
A data-collection and direct-broadcast system are planned in accordance with the
recommendations of the Co-ordination Meeting on Geostationary Meteorological Satellites.
~r2~i~i2Q~!_!Qf2r~~!i2Q_QQ_!~~-~2~e2~i!i2Q_~Q9_~~!Q_e~r~~~!~r~_!2_~~-~!~9!~9
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The Soviet Union plans to create a permanent satellite system for monitoring
natural resources, the space-ships being equipped with instruments for remote sensing of
dry-land, oceanic and atmospheric parameters.
The main instruments for monitoring the land and sea surface will be multi-zonal
optic-mechanical scanners with high and medium resolution having the following characteristics:
- Ground dimensions of a picture element: 50 m in the visible range, 200 m in
the infra-red range for high-resolution instruments; and 150-250 m in the
visible range, 500-600 m in the infra-red range for medium-resolution instruments
- Swath width : 180-200 km and 500-700 km (respectively)
- Number of spectral areas: 8 and 4 (respectively) in the 0.4-12.5 µm spectral
interval
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Repeat coverage (at the equator) for one spacecraft of the operational sub-system
is:
- 14-17 days when using multi-zonal high-resolution scanners
- 4-5 days when using multi-zonal medium-resolution scanners
It is intended to study the sea and land surface with operational radars and VHF
scanning radiometers. It is also planned to develop a system for transmitting via the spacecraft the information from land and sea data-collection platforms which are used for correcting remote measurements.
Regional data-processing centres are planned for receiving, processing and disseminating the remote measurement data.
The sites of three regional centres have now been selected: Moscow, Novosibirsk
and .Khabarovsk. The Moscow data-processing centre is the main one and directs the operational sub-systems.
".. . ,_,,,

Manned space stations of the Saliut type, meteorological satellites from the
Meteor system, spacecraft from the Cosmos series and aircraft laboratories will all be
used in the environmental satellite system.
The information obtained from this system may be_used for international exchange
for the purposes of research programmes.
The above characteristics are provisional and may be altered during the system's
development.
E.

THE INTERNATIONAL SATELLITE CLOUD CLIMATOLOGY PROJECT (ISCCP) OF THE WCRP

A companion of the early oceanographic projects of the World Climate Research
Programme will be an international project involving 7 to 8 satellites in a co-ordinated
effort to determine the cloudiness on earth. Because of the key cloud-radiation-circulation
feedback, the five year (or longer) project will determine - for the first time - the mean
cloud amount and approximate height and its variance in space and time.
An important part of the ISCCP is that a number of nations (including an equal
number of non-satellite operators) will share in the data acquisition, calibration, intercomparison, analysis and validation of the satellite data for cloud climatology purposes.
One of the satellites in the near-polar-orbiting system will serve as the "inter-calibration"
satellite. Another key aspect of the ISCCP - one made essential by the>5 x 106 BPS being
used - is the near-real-time data reduction or preprocessing, of the satellite data to a
level II archive. This insures that the widest variety of satellite data users may access
and analyse all or a portion of ISCCP data.
The project has been endorsed by the JSC for the WCRP and a third meeting of
experts in August 1981 will finalize the ISCCP implementation plan. Pilot studies and
other preparations for the project are under way among the nations. The 5 year activi~
will begin in 1982 or 83 taking advantage of several ne1v geostationary satellites.
This cloud climatology project of WCRP will lead to a continuation of its general
scope by the operational agencies. For this reason the 1983-93 period can be considered
as providing correlative data to various oceanographic experiments. Such ·cloud data are
important for estimating the radiation budget at the ocean's surface, the frequency of
oceanic precipitation and related para~eters.

,__,,,

APPENDIX 4
THE SEA SURFACE TEMPERATURE MEASUREMENT PROBLEM .

l.
The measurement of Sea Surface Temperature from space involves a determination of
thermal radiance emitted by the ocean surface, corrected for surface or atmosphere effects
as appropriate, and then converted to surface temperature (Ts) with the use of the Plank
function B (A., T). Clearly, we are limited to the use of atmosphere "window" regions
within which we can see to the surface from space with minimum atmospheric attenuation;
also, of course the wavelength must be such that the intensity of B (A., T) is measurable.
Such considerations lead us to either the infra-red (IR) or microwave (MW) spectral regions,
with several spectr~l windows occurring in the former between 2 and 2Q.im, and with atmosphere transparency increasing with wavelength beyond lmm in the latter.

.)

Even in wi1ndow regions, though, some atmospheric absorption takes place, which
can -be variable in time and space, particularly if due to a highly variable atmospheric
constituent like water vapour, or cloud. The presence of these absorptions can cause
significant errors in a determination of Sea Surface Temperature from space, particularly
in the IR.
Aside from the quality of the atmospheric windows, there exist a number of other
considerations which we must take account of in establishing the relative merits of the IR
and the MW methods. These are summarized in Table 1.
TABLE 1: PROPERTIES OF IR AND MW REGIONS
FOR SEA SURFACE TEMPERATURE MEASUREMENTS
IR

(2-2Q.lm)

MW ( > lmm) .

A

B( A., T) large
(large radiances)

B( A. , T) sma 11
(weak radiances ·

B

aB~~,T)

B( A., T) ooT l

large

(Rayleigh-Jeans
approximation)

c

ES

D

E

E

Clouds not transparent

Many cloud types transparent,
increasingly so at longer A..

F

Spatial resolution at
surface not severely
constrained by diffraction

Large A. means that high
spatial resolution at
surface requires very
large antenna.

G

Absolute calibration
targets (black) easier
to achieve

Absolute calibration
targets harder to
achieve

largely insensitive
to surface state

depends on sea-state, viewing
frequency, polarization
and thermodynamic temperature

s c 1o s e to 1 • 0
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Planck function
Surface emissivity
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AVHRR(2) will contain an additional "bit" of information, in the form of two
(rather than one of AVHRR(l)) channels in the l0-12µm range. Simulations (again by McClain)
show that this change will undoubtedly lead to an improved random and systematic error
However, by an extrapolation of the experiences gained with VHRR and AVHRR(l) to date,
it seems likely that such improvements will be somewhat limited and that an absolute error
of± 1.0 to~ l.5K (total) will remain.
Two further problems must be pointed out in reporting this progress. First,
these comparisons between satellites and surface measurements of Sea Surface Temperature
refer only to clear sky, rather stable conditions. Cases of significant cloudiness have
been eliminated, though, no doubt the effects of thin hazes, or of cirrus, are hidden
within the observed scatter. Second, experience has shown that daytime operation with
the 3.8µm channel suffers from significant contamination from (presumably scattered) solar
radiation.
MW-Polar Orbiters

,_;

In the microwave region, the state of progress with passive microwave radiometers
such as the SMMR is not entirely clear. A report (Njoku 1980 private corrmunication) of
a study of the NIMBUS 7 SMMR indicates rms errors of~± l.5K - 2.0K, with larger systematic offsets, of perhaps 4K (by comparison with surface measurements). However, reports
from the SEASAT SMMR experiment (S. Wilson, private communication) lead to more promising
results (e.g. ~ l.OK rms, with negligible offset). Some of the problems encountered by
workers using the microwave data include calibration errors, and side-lobe contributions
to the signal.*
!~:§~2~!~!i2~~r~

The VAS experiment (VISSR Atmospheric Sounder) on GOES-4 (September 1980) has
provided new possibilities for high resolution (15-30 km), high precision(<± l.OC)
determinations of Sea Surface Temperature at latitudes less than 50°. The VISSR Atmospheric Sounder uses two IR windows (3.7µm and 11 .5~m) and several H20 channels together
with high temporal sampling rates to determine Sea Surface Temperature. The high frequency
sampling allows removal of small and/or thin cloud effects from the radiometer field-ofview and provides an improvement of the situation over the instantaneous -measurements from
near-polar orbiters. The combination of this approach with high accuracy polar orbiting
radiometer dedicated to Sea Surface Temperature measurements should be investigated. ·.
E~!~r~-Q~y~!22~~~!~

The arguments of Section 3 indicate that there is a need,for some purposes,for
improving absolute determinations of Sea Surface Temperature, on a global basis, towards
a figure of about± 0.5K (better if possible~.We have seen that there are certain scientific
requirements of spatial and temporal scales, varying from a fev1 days x 10 kri, to perhaps
10 days x lOOkm. The implications of this aim are that future satellite observing systems
will need to attempt better correction for atmospheric absorption, better correction for
aerosol/haze/cirrus absorption or scattering, a reliable cloud detection/measurement
rejection scheme, and the very highest · instrumental stability and calibration accuracy.
* D.L. Croom (Private Communications) points out that a dedicated Sea Surface Temperature
microwave radiometer, with channels chosen to compensate for interfering effects might
produce better results.
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Such improvements may prove possible utilizing a combined multi-angle and multiwavelength approach. For example Barton and Williamson (private communication) have studied
the retrieval of Sea Surface Temperature using successive observations of the same sea
surface area at two (or more) radar angles as the satellite passes overhead. This method
removes the atmospheric effect {whatever its cause) by extrapolation to zero air mass.
Zavody and Llewellyn-Jones (private communication) have shown that, because the atmospheric
absorption processes are non-linear in air mass, the accuracy ofthis extrapolation process
can be considerably improved by simultaneous multi-spectral measurements which give information on the atmospheric conditions. It is important to recognize that the multi-angle
approach will also in principle eliminate optically thin haz2, aerosol or cirrus effects
which are not eliminated using the multi-wavelength technique alone.

_,

This approach now needs to be implemented in a design which also attempts to
satisfy certain other design aims: the elimination of as many moving optical elements {which
can contribute to radiometer error) as possible, and the use of carefully designed and
baffled calibration targets: it must be recognized, however, that to improve on the "internal" AVHRR (1) radiometer accuracy of± O.lK will be difficult. Also the integration of
simultaneous microwave measurements for cloud detection, and also for measurements of Sea
Surface Temperature in cloud contaminated areas would be incorporated into the method.
There are obvious similarities with the stereoscopic cloud top determination
method discussed in a recent COSPAR report (2) for use with geostationary (or possibly
polar orbiting) satellites. Thus, it seems reasonable to suggest that in addition to
studies of Sea Surface Temperature, a multi~angle, multi-wavelength experiment should also
take into account a possible cloud-top height and brightness temperature experiment.
Moreover, the recent results of the VAS experiment (see Section 2) using a geostationary satellite instrument for high time resolution studies of Sea Surface Temperature
are very promising, mainly of course, for tropical regions. Clearly the VAS-type of
approach should also be investigated further. One of the most hopeful possibilities would
seem to be the combination of a VAS-type geostationary experiment with a multi-angle, multiwavelength polar orbiter absolute radiometer. This combination would seem to give the
best scheme of eliminating atmospheric (molecular) absorption, haze, cirrus, and cloud
contamination of the Sea Surface Temperature signal seen from space.
Future developments in microwave radiometry for Sea Surface Tempterature measurements from space must clearly include improvements in absolute calibration, and in our
ability to avoid, or {if not) take account of, side-lobe and other antenna effects. Other
problems encountered in previous experiments include v.f.i and sun-glint. In addition,
brief mention was given earlier in this chapter to the suggestion that it may be possible
to design a multi-frequency microwave radiometer specifically for Sea Surface Temperature
measurements (previous instruments have, of course, been designed with a view to making
measurements of a wide variety of geophysical parameters). The idea being that an optimized
choice of frequencies would be calculated in order to minimize the effect of all ¥ariables
other than Sea Surface Temperature on some combination of radiances measured at these
frequencies. However, the basic radiometer precision problem of the microwave region,
mentioned in Section l, would, of course, remain.
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